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ABSTRACT
THE MORPHOLOGY OF LIQUID CRYSTALLINE
POLYMERS AND THEIR BLENDS
MAY 1993
KEVIN ROMAN SCHAFFER,
B.S., NORTH CAROLINA STATE UNIVERSITY
M.S., NORTH CAROLINA STATE UNIVERSITY
M.S., UNTVERSITY OF MASSACHUSETTS
Ph.D., UNIVERSITY OF MASSACHUSETTS
Directed by
Professors Richard J. Farris and Edwin L. Thomas
Nematic liquid crystals polymers (LCPs) encompass a large class of
macromolecules exhibiting orientational order when in the melt or solution state. The
intrinsic local orientation of these materials yields processing advantages due to lower
viscosities than related isotropic (flexible coil) polymers of comparable molecular
weight. Highly directional moduli and strengths in the solid state are further benefits
of the ease of obtaining high orientations during processing in the melt or solution.
Blending and composite fabrication with other materials are the practical
methods that must be developed to use LCPs for structural applications. A nematic
liquid crystal polymer such as poly(p-phenylene benzobisthiazole) (PBZT) is a
rigid rod macromolecule with its length being essentially the mesogenic unit.
Such rigid rod polymers are usually lyotropic liquid crystals and are infusible in the
vi
pure state so that any fabrication with other materials must be done in the solid or
solution state.
Thermotropic liquid crystalline polymers have molecular architecture usually
consisting of shorter mesogenic units connected with flexible spacers that allow the
mobility needed for the existence of flow at higher temperatures. The melt state
allows the possibiHty of melt blending with other polymers using the liquid crystal as
a processing aid or a reinforcement that forms in-situ.
The purpose of this thesis is to characterize the morphology on various length
scales of polymer composite materials obtained by these disparate methods of
fabrication. The principle techniques utilized are optical, transmission electron,
scanning electron microscopy, and X-ray diffraction.
This work consists of an introductory and three subsequent chapters. Chapter
2 describes the morphology of composite films fabricated by attempting to infiltrate
isotropic materials (glass or epoxy) into an existing nano-scale fibrillar network that
naturally forms when PBZT is coagulated. The PBZT film that was formed by
extrusion through a counter-rotating die.
In Chapter 3, the morphology of fibers formed from spinning dopes composed
of mechanically mixed PBZT and flexible polymer solutions is discussed. In Chapter
4 the morphology of a melt blended thermotropic liquid crystal polymer is compared
with mechanical data.
vii
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CHAPTER 1
OVERVIEW AND LIQUID CRYSTAL THEORY
1.1 Introduction
Nematic liquid crystals polymers (LCPs) encompass a large class of
macromolecules exhibiting orientational order when in the melt or solution state. The
intrinsic local orientation of these materials yields processing advantages due to lower
viscosities than related isotropic (flexible coil) polymers of comparable molecular weight.
Highly directional moduli and strengths in the solid state are further benefits of the ease
of obtaining high orientations during processing in the melt or solution.
Blending and composite fabrication with other materials are the practical methods
that must be developed to use LCPs for structural applications. A nematic liquid crystal
polymer such as poly(p-phenylene benzobisthiazole) (PBZT) is a rigid rod
macromolecule with its length being essentially the mesogenic unit. Such rigid rod
polymers are usually lyotropic liquid crystals and are infusible in the pure state so that
any fabrication with other materials must be done in the solid or solution state. Rather
than a limitation, such restrictions may lead to both novel composites and methods to
obtain them.
Thermotropic Uquid crystalUne polymers have molecular architecture usually
consisting of shorter mesogenic units connected with flexible spacers that allow the
mobility needed for the existence of flow at higher temperatures. The melt state allows
the possibility of meh blending with other polymers using the liquid crystal as a
processing aid or a reinforcement that forms in-situ.
The puipose of this thesis is to characterize the morphology on various length
scales of polymer composite materials obtained by these disparate methods of
fabrication. The principle techniques utilized are optical, transmission electron, scanning
electron microscopy, and X-ray diffraction.
This work consists of an introductory and three subsequent chapters. In the
remainder of this chapter, a general tiieoretical background of liquid crystalline materials
is presented.
Chapter 2 describes the moiphology of composite films fabricated by attempting
to infiltrate isotropic materials (glass or epoxy) into an existing nano-scale fibrillar
network that naturally forms when PBZT is coagulated. The PBZT film that was formed
by extrusion through a counter-rotating die resulting in a biaxial orientation through the
film thickness is also characterized.
In Chapter 3, the morphology of fibers formed from spinning dopes composed
of mechanically mixed PBZT and flexible polymer solutions is discussed. The
PBZT/flexible polymer fibers exhibit a two domain structure, ranging from microns to
nanometers in scale, which allows tiie fiber to be highly deformable in cross-section. In
Chapter 4 the morphology of a melt blended thermotropic liquid crystal polymer is
compared witii mechanical data.
1.2 Liquid Crystal Theory
The first section will review the theories for the nematic isotropic transitions in
LCPs and nematic liquid crystals. The order parameter is the characterization of tiie
orientation function of the anisotropic molecules. Changes in the equilibrium orientation
function with concentration, temperature, or molecular geometry cause the phase
transitions from the isotropic to nematic phase. The second and third sections review
continuum descriptions of long range fluctuations of the average local molecular
direction or director and the associated free energy due to distortions. The last section
reviews literature on blend mixing.
2
on a
1.2.1 Anisotropic Interacrion and Hard Rod Theories
nie derivation of molecular field theories depends upon the assumption of the
nature of the intermolecular potential in the system. For instance, in the Maier-Saupe
Theory the initial assumption is that nematic order results from anisotropic
intermolecular attractions [Cotter. 1983]. The intermolecular potential mean torque
molecule at angle |3 with the laboratory axis, U(P), is defined in terms of the singlet
orientation distribution function for the simplified case of uniaxial molecular symmetry,
f(P)=exp{U(P)/kT}/Z, with Z being a normaUzation term. The mean torque is assumed
to be the effect of the anisotropic dispersion forces that arise fi-om the rod character of
the molecule [Luckhurst, 1983b].
The function f(p) describes the statistical distribution of molecular orientation
due to thermal motion. The distribution is characterized by the coefficients obtained by
expansion in terms of spherical harmonics called the molecular order parameters [Qark,
1985]. The derivation of the distribution function from specific molecular interactions
obtain the order parameters is a compHcated task and requires averaging assumptions to
reduce the amount of calculation. The crux of the methods is to determine the
distribution function in which the chemical potential of the system is a minimum [de
Gennes, 1974a].
In "hard rod" theories the nematic order is due to excluded volume effects
resulting firom repulsive forces that act at very short range. The basic model used in
these theories is infinitely impenetrable rod-like objects [Cotter, 1983]. A combination
of the Maier-Saupe and hard rod theories leads to Van der Waals type theories where the
molecules are modeled by hard cores along with mean field averaged anisotropic
intermolecular attractions [Cotter, 1983]. In the Onsager method excluded volume is
accessed for a pair of rod like particles in a gas as a function of their relative orientations.
Second virial coefficients can be determined by averaging over all orientations for the
to
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isotropic case. By using the condition of minimum free energy, the equilibrium
distribution of orientations for an anisotropic phase can be determined [Flory, 1956].
The Onsager treatment leads to qualitative predictions of the transition points and the
final order parameter of the nematic state due to difficulty in expanding the excluded
volume terms that apply to clusters of rod molecules greater than two. Consequently, the
theory is restricted to concentrations where higher virial coefficients are neglected
[Ballauff, 1989].
Flory and Ronca [1979a] developed a polymer solution theory using the hard rod
model similar to Onsager but utilizing a lattice to simplify calculation of the
configurational partition functions [Flory and Ronca, 1979a]. The theory can
incorporate Maier-Saupe attractive interactions as intermolecular energy perturbations.
The advantage of using a lattice is that one can use a priori or mathematical probabilities
to calculate the partition functions since one can assume random placement of the
elements (polymer segments or submolecules) onto the lattice. Since a mean field is
usually assumed, knowledge of the environment of each individual molecule is not
required.
The essential step of the latter is to divide the rod molecules into a sequence of y
consecutive submolecules. In two dimensions a molecule which is at an angle \|/ to the
orientation axis is divided into y=x sin ^^f sequences each being x/y in length [Flory,
1956]. Figure 1.1 shows the a graphical representation of the division of the rod
molecules into submolecules to model disorientation with respect to a prefeired axis.
The calculation of the configuration for a system of nx rods depends upon the
evaluation of the number of situations, v i+i, available to the i+lth rod after i particles are
in the lattice. The probability that a succeeding site is vacant after the first segment of
molecule i+1 is placed in tiie lattice is equivalent to the mole fraction of the vacant sites if
the previous submolecules and vacant sites are randomly distributed [Ballauff, 1989].
4
The initial segment of the yi+i-l submolecules is given by the volume fraction of
vacancies after placement of ix segments, (no-ix)/no. Since rod molecules are being
placed a conditional probability is required that lattice sites parallel to the preferred
molecular direction be vacant for placement of the remaining submolecules. The
conditional probability is given by the ratio of vacant sites to the sum of vacant sites and
the sites occupied by sub molecules which is true for random placement. The
combination of all the factors yields the expectation for the placement of x segments of
rod i+1 being arranged in yi+i submolecules:
V i+i = (wo - ix)[ (no • ix)/no] ^^^^^^'^ [ (no - ix)/(no-ix + ZyOl^^'^i+i (1.1).
The partition function Z is assumed to split into a combinatorial part and in
orientational part., Z = Zcomb Zoriem where,
nx
Zcomb = (l/nxO Hv i.= [(ni+nxyavg)!/ni! nj] no^^i^-y^^s) (1.2)
The variables are ni and are the number of solvent and rod molecules
respectively and
yavg= 2^ nxyy/nx (1.3)
The term nxy/nx is the orientational distribution specifying the fraction of the
molecules with disorientation y. The orientational partition function is written in terms of
the reciprocal of the orientation distribution
Zorient ~ n [OxOJy (nx/nxy)]"^y (1-4)
y
or
In Zorient =^ n^y In [(nx/nxy)COy] + InGx (1.5)
where cOy represents the fractional range of solid angle for an interval of orientation
which because of cylindrical symmetry is given by the expression
(Oy = sin*Fy (1.6).
5
The adjustable parameter is chosen so that the statistical weight factor, GxCOy^
is equal to unity. The free energy of a system of nx rigid rods immersed in a solvent
containing ni molecules is written by combining the orientational and combinatorial
terms:
-In Z = ni Inv 1 + nxln(v Jx) - (ni +nxy) ln[l-v x(l-yavg/x))+nx(yavg-l)
+ nx Xnxy/nx In (nxy/(nxCOy) -Ux InO (1.7)
where v i and v x are volume fractions of the respective solvent and polymer components.
The system described is at equilibrium with the anisotropic phase measured by the
disorder index y. At orientational equilibrium
(dlnZ/^i(nxy/nx)) = 0 (1.8).
Differentiation of the free energy equation with respect to the component
concentrations yields the chemical potentials. The calculated chemical potentials
calculated are used to obtain the equilibrium concentrations of the coexisting anisotropic
and isotropic phases described by
In (V xVv x) = (x-1) V X - (yavg - 1) V x' + In (fi) (1.9)
where,
ymax
fi = J C0yexp[-ay] dy (1.10).
0
The distribution function, f^, must be recast in terms that can be determined
experimentally. First, the disorder index ,y, and the angle, are evaluated by
considering projections of a rod on the transverse axes (Yi and Y2) to the preferred
orientation axis. As before ^ is the angle between the rod domain axis and O is the
angle of rotation about domain axis. The magnitude of the projection on each axis can
be represented by
y = lyil + Iy2l = x sin T (Icos <t>l + IsinOl) (1.11)
and averaging overO yields
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y = (4/7C)xsin^ (1.12)
(nxy/nx) = (fi-1) sin ^ exp [- (4n ax) sin ^ ] (1.13).
The integral involving the angular distribution fi can be evaluated with
nn
fp = / sinP exp[- (47C ax) sin ^ ] d^' ) (1.14)
0
with p = 1. With S being the order parameter, the average values of sin^ and y are
<sin "¥> = f3/fi=2/3(l-S) yavg = (4/7C) (f2/fi) (1.15).
Numerical solutions lead to the values of concentrations in the respective phases
and of the disorder index yavg at equilibrium. This equation relates directly the variable
concerning orientation in the lattice with the conventional order parameter. This order
parameter is calculated without assumptions involving molecular interactions apart from
excluded volume arising implicitly from the combinatorial procedure of filling the lattice.
The hard rod theories suggest that nematic to isotropic transitions can be
predicted on purely steric grounds without attractive forces. However, experimental
observations of liquid crystalline systems indicate predicted transition densities for hard
rod models are too low and the order parameter calculated for the transition is too high
[deGennes, 1974b].
The models in hard rod theories are athermal due to the lack of attractive forces
so that predicted transitions are independent of temperature. The next logical step is the
incorporation of soft intermolecular forces to induce temperature dependence. To
observe the effects of molecular attractions, perturbations are incorporated as discussed
in the next section.
The extension of lattice theory to thermotropic systems is accomplished by
incorporation of a Maier-Saupe type interaction of anisotropic dispersion forces between
two rods averaged over all orientations to define a mean field. The term that is affected in
the course of derivation is the orientational distribution nxyK. The volume of the system
7
is the sum of the hard core volume of the rod molecules, V*, and a term representing the
unoccupied sites in the lattice. The free volume is given in terms of the reduced
volume, V =VA^*, in which the total number of lattice sites is no= V xnx [Ballauff,
1987].
The energy of interaction is taken to have both isotropic and anisotropic
components,
8 ~ ^ iso ^ aniso CV) (1.16)
where^ is the angle with the domain axis of the cylindrical axis of a probe molecule
(about which the interaction with a second molecule is averaged over all orientations).
The isotropic and anisotropic portions of the interaction energy are defined
eiso = (6a-2C)/(yr*6) (i.i7)
e aniso (^) = (kT*/i; )SP2(C0S ¥) (1.18)
where r* is the intermolecular distance at V = 1 and T* = a characteristic temperature
representing the strength of the anisotropic interaction
kT* = 2ap*VVAa/a) (1-19)
The term g is a geometrical factor depending on the distribution of rod segments in the
system , Aa = 0^\- ttj. (the difference in the polarizabilities along and perpendicular to
an individual segment in the molecule). S is the order parameter, and p2(cos ^) is the
second Legendre polynomial.
Experiments on homologous series of rigid molecules show that the value of the
nematic isotropic transition temperature, T^, can vary widely with the axial
ratio of the
molecule, whUe the interactions characterized by T* remain relatively constant. These
results confirm the importance of purely steric interactions upon the fomation
of the
nematic liquid crystal phase. Statistical thermodynamic theory for thermotropic
polymers containing flexible spacers indicate that the interconnectivity
between
mesogenic units increases the values of the order parameter and of the
transition energies
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in comparison to molecular liquid crystals [Boehm et a/., 1986]. Deuterium nuclear
magnetic resonance experiments indicate that flexible spacers in polymeric liquid crystals
exhibit more orientation relative to flexible chains attached to low molecular weight liquid
crystals [Samulski, 1985].
The predictions by the theory depend upon the order parameter in the energetic
description of the anisotropic interaction. The anisotropic part of the molecular
interaction disappears as the order parameter approaches zero.
1.2.2 Elastic Gontinuum Theory of Nematics
The average local direction of the anisotropic molecules is defined as the director.
Ructuations of the director do not appear to influence the first order phase transition
from a nematic to the isotropic liquid. Therefore, the standard approach is to describe the
phase transitions in terms of a mean molecular field or phenomenological theories and
use a continuum description for distortional fluctuations of the director field [Warner,
1984]. The same continuum theory can be applied to both monomolecular and polymer
liquid crystals without concern for theoretical differences concerning the origin of their
phase behavior. The main assumptions are that the order parameter S(T) does not
depend upon position in the nematic phase and that the average orientation described by
tiie tensor field. N(r), varies slowly in space.
1.2.3 Frank Free Energy Density
The continuum theory introduced by Frank to account for the equiUbrium form
of curvatures of the director field is analogous to elasticity theory [Frank, 1958,
Vertogen, 1985; and Chandrasekhar, 1977]. In the classical elasticity tiieory
of solids,
restoring forces are assumed to resist changes in the distances between material
points
after homogeneous strains are appUed. In distorted liquid crystals tiiere are no
permanent forces opposing the distance between points, but there are
restoring twisting
or bending moments that directly oppose the curvature. Frank [1958] assumed a linear
relationship between the twist and bending moments and curvature strains. If the
curvature strains are sufficiendy small in magnitude the defined relationship is a
statement equivalent to Hooke's Law.
The free energy density is written in conventional vector notation first given by
Oseen
fd = l/2Ki (div n)2 + l/2K2(n • curl n)2+ KaCn x curl n)2 (1.20)
where Ki= 2( ki+ k2), K2= 2 k2, and K3= 2( k2+ ks). The constants Ki, K2. and K3
are the elastic constants for splay, twist, and bend, respectively. Figure 1.2 shows the
deformations associated with three constants [Vertogen and de Jeu, 1985].
The relative magnitudes of the Frank elastic constants can be calculated for model
nematics assuming a given director field [Straley, 1973, Priest, 1973, Nehring and Saupe,
1971, and Nehring and Saupe, 1972]. The equal constant assumption (Ki=K2=K3)
simplifies calculations of equilibrium structures around singularities or disclinations and
other distortions occurring in director fields. The Frank elastic constants (k) have values
of typically 10'^ dynes/cm^ and therefore store minuscule energies compared to ordinary
elastic constants (E) of macroscopic solid structures with values on die order of 10^*^
dyne/cm2. Frank [1958] calculated that the ratio of the free energy due to deformation
due to Frank elasticity, g^, to ordinary elasticity, gg arising from bending of a beam with
thickness a to a radius of R:
gk/gE= @ (^-21)
On submicron length scales the values of these restoring energy constants of
curvature deformations of the director field do become significant [Frank, 1958]. Only a
very small fraction of the total energy is held at molecular dimensions in which would
involve deviations in the order parameter [de Gennes, 1974a].
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Figure 1.1 (A) A rcxllike particle oriented at angle y to the preferred axis of the
domain. (B) The representation of the particle as y sequences or
submolecule, each parallel to the domain axis. Explicidy, y is the angle
of inclination to the x axis and x is the length of the molecule.
Figure 1.2 The three basic deformations of a uniaxial nematic (A) splay, (B) twist,
and (C) bend.
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1.2.4 Surface terms in Frank continuum theory
Nehring and Saupe [1971] argue that second order terms need to be incorporated
into the free energy expression. They derived both from molecular and
phenomenological principles the following equation for the free energy density for an
axial nematic.
fd= Ki(divn)2 +K2(n-curln)2+K3(nxcurln)2+2Ki3(n-grad div n)2 (L22)
with Ki=Kii - 2Ki3 K3=K33 - 2Ki3
In order to calculate director fields for a specific set of elastic constants the free
energy density function must be minimized. The argument against including the such
terms as Ki3(n • grad div n)2 is that they can be transformed into surface integrals by
Gauss's theorem and therefore do not contribute to the Euler-Lagrange equation of the
bulk [Nehring and Saupe, 1971]. However, it is suggested by Nehring and Saupe that
the free energy should contain such terms on the basis that they may affect the
equilibrium structure because they still contribute energy.
There is much belligerent rhetoric in the literature concerning the solutions for
free energy densities containing surface terms with the K13 constant [Hinov, 1989,
Baldero and Oldano, 1989]. Other methods of addressing the problem involve
separation of the bulk free energies and surface energies by phenomenological, structure-
model, or thermodynamic means. The direction imposed upon the bulk director by
conditions at the interface are framed as boundary conditions from which equilibrium
structures can be calculated. The determination of equilibrium structures of the bulk will
now be addressed with subsequent discussion of the influence of the surface of the
nematic on the properties of the material.
The energy dependence upon director distortions is considered to be orders of
magnitude smaller than the energy related to the order parameter. The energy terms can
be considered to be independent and the notion of decoupling is valid along with the use
12
of a separate continuum theory (reviewed in the previous section) to describe the director.
However, without fields or boundaries, the equilibrium director field is undetermined
even with the 11^=1 constraint [Goosens, 1985].
We let ()) be the angle of the director with a fixed direction in the xy plane and
assume the elastic constants to be equal. In thin fibns the director field is two
dimensional with one degree of fi-eedom, <t), the angle of the director with a reference axis.
The director takes the form.
n=cos<t)i +sin(t)j (1.23)
The Euler-Lagrange differential equation that minimizes tiie total free energy is
the Laplacian of <|)
(V2(t))=0 (1.24)
The equal elastic constant assumption will only change some of the details of the
solution, and the essential geometry will be preserved. Sometimes tiie stability of the
solution requires inequality of the constants [Meyer, 1973]. Without boundary
conditions the direction of minimum free energy for the molecular field is undetermined.
In a thin film there is die implicit assumption tiiat the director field is confined within the
plane but that the orientation is undefined. The structure around a discontinuity or
singularity in the director field is given by the a set of solutions
(|) = se + <t)o (1-25)
The value s is defined as the strength of the disclination given by the rotational
sense of the structure normalized by 2jc. The director fields described by these solutions
are caUed disclinations which are observed in great numbers if the orientation
direction
with respect to the surfaces in thin films is degenerate. The elastic energy of a
discUnation is calculated to be infinity as the singularity is approached. A core radius is
defined to adjust with an energy per unit length similar to description given
screw
dislocations in a solid [Kle man, 1983].
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The actual structures of disclinations are dependent upon existence of surface
interactions of the nematic. Strong interactions make smgularity points less likely and
cause the formation of surface defect lines [Kleman, 1983]. The energy and structure of
these defects depend upon the anchoring energy and the presence of an easy axis. Even
in the absence of defects, the equilibrium director field in the bulk is heavily influenced
by the boundary conditions that depend upon the orientation at which the liquid crystal is
anchored. These terms are intimately related to the surface free energy of nematics liquid
crystals and will be discussed in the next and subsequent sections.
1.2.5 The Nematic Interface
The existence of singular points at the surface of thin films depends on a lack of
preferred direction or a strong degeneracy of anchoring [Kleman, 1983]. The term
anchoring refers to how orientation of the director is affected when in contact with an
exterior surface. Planar anchoring is orientation of the director parallel to the plane of
the interface. Homeotropic anchoring is perpendicular alignment of the director relative
to the surface.
The director orientation at the surface can be defined by two angles, using
spherical coordinates, an angle with the surface normal, <t) (0<(tK7C) and an azimuthal
angle in the plane of the surface, 9. With this coordinate system, homeotropic anchoring
occurs with <t)=0; and planar anchor is when <t)=Jc/2. A definite alignment Go. 00 imposed
upon the nematic at the surface is called the easy-axis [Kle man, 1983]. If the angle 0 is
undefined for a specified easy-direction <t)o, there exists a cone of degeneracy.
An easy-axis usually occurs when a surface has anisotropic character that it can
impose upon director. The nematic orients spontaneously in the direction imposed
locally by the substrate to minimize surface energy. Examples that are cited by de
Gennes [1974a] are:
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1) When deposited on a crystal face some nematogens may associate closely
with certain crystallographic directions. The existence of more than one easy axis is
termed to be degenerate.
2) A surface that is carefully rubbed in one direction. The mechanism for this
phenomenon is uncertain, but speculations include the deposition of a fatty acid
microlayer or the formation of a directional surface topography.
3) By the evaporation of thin films on a glass surface at an oblique angle, one
can set the easy-axis to be parallel or at a tilt with respect to the plane of the glass
depending upon the angle of incidence of the deposition.
4) Surfactants can be used to determine how the nematic molecules orient at the
surface. This is one method of producing homeotropic anchoring of the liquid crystal.
Weak homeotropic anchoring is observed for some very clean surfaces.
5) With dispersion of nematic liquid crystals into isotropic medium one can
observe the effect of geometry upon the director field and the limits of its distortions
exemplified by the surface orientation and the types of defects that arise in the nematic
droplets.
Surface anchoring can be loosely termed strong or weak depending on how well
the director correlates with the easy axis. Highly degenerate anchorings are classified as
weak as is the case in tilted nematics or planar nematics without a specified directions of
orientation imposed by the surface [Yokoyama, 1988]. Uncertainty persists as to
whether the dominant mechanism of the observed alignment is due to topological
features or molecular scale interactions of oriented species present at the surface.
The combination of homeotropic and planar anchoring on opposing interfaces
can be used as boundary conditions to calculate equilibrium director fields in two
dimensions [Meyer, 1973]. The solutions indicate that the exact configuration of the
director field depends upon the ratio of splay to bend.
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Theoretically, the same method can be used to detemiine the twist elastic constant
using a thin nematic film between two surfaces with planar anchoring, but are twisted
about the normal of the two parallel surfaces. If one measures the torque caused by the
imposed distortion of the director the value of the constant is determined. In actuality,
the needed torque is determined by using magnetic fields [Chandrasekhar, 1977]. With
these various boundary conditions and the stipulation of strong anchoring, it is possible
to obtain values of Frank elastic constants. For weak anchoring such experiments
specify values of an anchoring energy as a threshold at which the distortions in the bulk
due to the surface anchoring are nulled by the magnetic field [de Gennes, 1974b].
The anchoring energy is defined in terms of the excess surface energy. One term
that might contribute to an excess orientation energy is the order parameter. However,
the amount of orientational excess energy is difficult to quantify experimentally.
Theoretical calculations indicate that density fluctuations dominate the surface tension of
a nematic with an isotropic phase [Goosens, 1985 and Telo da Gama, 1984a].
Anchoring energy is usually only associated with the director distortions caused by the
perturbation of the easy axis into the bulk.
The anchoring energy, Ea, is implicitiy assumed by tiiis relation to be isotropic
and does not depend upon the direction or the mode deformation. However, one would
expect that the various deformations should lead to different values of anchoring energy.
The strength of anchoring is a classification concerning the relative amount of interaction
of the nematic material with the surface. One usually finds strong anchoring of liquid
crystals at crystalline walls and weak anchoring for polished surfaces such as glass [de
Gennes, 1974b].
For nematic droplets the area of minimum surface energy will dictate the a
spherical shape, but the elastic constants of the material determine the defect structure
occurring in distortions of the director field [Drzaic, 1988; Kle man, 1983; Meyer, 1982].
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There are citations with a languid analogy to Wulff construction in solid crystals alluding
to nonspherical equilibrium shapes in some lyotropic liquid crystals [Chandrasekhar,
1977].
The order parameter has been theoretically evaluated to increase in the vicinity of
a surface to reduce the free energy [Goosens, 1985]. Expressions of the surface energy
are obtained as expansions of the order parameter in which the coefficients depend upon
the orientation of the director at the interface. These calculations yield surface energy-
temperature relations with discontmuities found at the nematic-isotropic transition.
Comparisons of surface energy calculations for different director configurations,
(parallel or perpendicular to the liquid crystal-free vapor interface, for instance), give
suggested directions of the easy-axis at the surface [Croxton, 1980].
Theories based on Van der Waals models give similar relations for surface
energy-temperature relations, but fall short in predictions of tiie easy-axis direction [Telo
de Gama, 1984b; Goxton, 1980]. These studies deal mainly with molecular order at the
nematic-isotropic transition. Though findings have implications on the presence of order
at the interface of an isotropic phase and the direction of the easy axis, there is some
question whetiier measurements of excess order and energy at the interface will yield
information conceming the anchoring energy [Goosens, 1985].
Models conceming the nematic interfaces in tiie literature, range from die
molecular perspective found in mean field and statistical mechanical theories [Croxton,
1980; Telo de Gama, 1984b] to phenomenological theories involving characteristic
expansion variables such as the order parameter [Goosens, 1985]. In these systems the
form of the function for the surface energy can be considered to be in a sense arbitrary
with the restriction that the model realistically depicts some aspect of tiie interface
[Yokoyama, 1988].
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1.3 Blend Mixing
1.3.1 Phase diagrams
The moiphology of the spin dope or melt is influenced by the nature of the
equilibrium phase diagram determining the number of domains, the surface energy of the
interfacial area, and both the amount and method of mechanical mixing [La Mantia et al,
1990; Bassett and Yee, 1990]. The major difference in miscibility behavior in mixtures
in small molecules and polymers is the numbers of molecules per unit volume. Phase
behavior is governed by variations in polymer molecular weight and distribution
[Koningsveld, 1989, Flory, 1956]. Lattice theories such as the one proposed by Flory
are used to define expressions for AG, the Gibbs free energy of mixing such as:
AG/NRT = (Oi/mi) In Oi + (02/m2) In <D2 + g O1O2 (1.26)
Where T is temperature,
R is the gas constant,
Oi=nimi/N = xi/(xi+X2m2/mi),
N is the total amount of material in moles of lattice sites,
ni is the amount of component 1 in moles,
mi is number of lattice sites occupied by a molecule, and
g is an interaction parameter in which for a first approximation
g = WT ; h = ZAW12/RT,
z is the lattice coordination number and
Awi2 is the internal energy change for breaking one mole of 1-1 and 2-2 nearest
neighbor contacts and creating one mole of 1-2 contacts.
The enthalpy of mixing, AH can be related to h by the relation:
AH/NR = hOi<D2.
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The enthalpy of mixing for macromolecules does not differ greatly from the
values seen for small molecules. The difference in miscibility between these two systems
is mainly due to the reduced combinatorial entropy of mixing per site caused by the
connectivity in the former leading to an unstable entropy-energy balance in polymer
systems [Koningsveld, 1989]. One phase polymer blends are characterized by the
presence of specific interactions between the chemical species that lead to negative h
values.
Such treatments have been modified to address the mixing coil polymer with
LCPs [Matheson and Flory, 1981]. The combinatorial terms are adjusted to account for
placing the rods on the lattice as previously reviewed. The theory suggests that the
addition of side chains to rigid molecules increases the predicted miscibility with coil
polymers [Ballauff, 1987].
1,3.2 Mixing
Aspects of polymer mixing to give indication of what types of interfaces and
domain shapes might arise from the rheological processing ofLCP blends with isotropic
materials. Also pertinent is tiie recent experimental observations that link the bending
distortions to the fundamental nature of nematic elasticity and viscosity.
The equilibrium phase diagram will determine if miscibility of the two materials
is anainable, altiiough current experimental work suggests that observed polymer
miscibility can be influenced by dynamic conditions such as shear [Katsaros, et al,
1989]. If a polymer blend is immiscible the shape of the observed domains of the
respective polymers depends upon the type, magnitude, and amount of deformation and
subsequent thermal history determining the allowed relaxation.
The formation of structure in immiscible polymer blends under with various flow
histories has been studied experimentally with SEM and TEM examinations [Frederico,
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1989; La Mantia, 1990; Bassett and Yee; 1990]. There is almost no experimental data
studying the droplet or microstructure deformation with clearly defmed histories of
deformation. Theoretical simplifications are a necessity, so analysis and experimentation
center on simple shear and plane hyperbolic flows [Ottino, 1989].
For immiscible fluids that have similar properties and no interfacial energy, there
is no resistance to deformation and the interface and the material elements are called
passive. The passive material element (length =dx and orientation m= dx/ldxl) deforms
according to the equations:
D(ln X )/ Dt =( Vv ) : mm (rate of change of length stretch)
X = lim IdxI/ldXl
Vv = the velocity gradient
Dm/Dt = (Vv • m- (D : mm)m (rate of change of orientation)
D = 1/2 ( Vv + (Vv)T) (the stretching tensor) (1.27)
If the material has an internal resistance to the deformation such as viscosity or
interfacial energy, the material element is said to be an active microstructure. Such active
elements lead to more complicated vector equations than the ones given above [Ottino,
1989].
Most analysis investigate the role of the tensor characterizing the imposed flow,
L (=L(X,t) =D + Q), in stretching and break up of a drop. Q is the vorticity or the spin
tensor and D is as previously defined. The main parameters for a system with a
characteristic shear rate S, ((D:D)i^), a, length scale of the microstructures, jli and ^1^
,
the respective viscosities of the drop and the external medium, and G the interfacial
energy. The main parameters for such a system are defined as:
1) the capillary number, Ca= Sjle /a, or the ratio of viscous to surface tension forces,
2) the viscosity ratio, p = |ii / ^e,
3) the imposed flow L (=L(X,t)
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4) the initial drop shape.
The first main finding is that for low capillary numbers, (Ca<l), in both simple
shear and planar elongational flows, deformation increases linearly with Ca. Long
slender droplets result from low values of the viscosity ratio ,p and large values of Ca.
Secondly, a critical capiUary number, Cac ,exist such that the surface tension forces are
surpassed by the viscous forces and the drop will continually elongate without break up
in steady flow. Before the Cac, the extent of deformation is a function of the strain rate.
Finally, for simple shear dispersed droplets will not break up if the value of the viscosity
ratio is value is greater than approximately 4.
1.3.3 Polymer Melts
Experiments characterizing the initial condition of the polymer melt mixture or
the geometry of the dispersed component is essential to understanding the deformation
of the dispersed components in a defined flow field. Besides the general drop shape
methods applied to characterize the interfacial free energy , the value of Ca can be
estimated.
In fiber spinning with low interfacial energy between components high draw
ratios would create fibrils of the dispersed phase if the viscosity of dispersed component
is comparable to the external component. Both materials should have similar viscosities
for fibril formation. Large interfacial energies between the domains will result in the
deformed, elongated domains to break into droplets. Fibrils are usually observed in such
cases where elongational flow dominates if interfacial energy is not too great [Bassett
andYee, 1990].
More complicated deformation histories are observed in the injection molding
process of polymer blends and involve more than tiie understanding of deformation of
material elements in an isothermal flow field. The domain morphology resulting from
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injection molding is complicated and a variety of structures are usually observed across
the part. In the injection molding of pure liquid crystals, the layered morphologies range
from a highly oriented skin to an observed lack of orientation at the core of the
processed specimens [Hedmark etaL, 1988].
Characterization of shear and elongational flows of liquid crystals indicate that
elongational flow is more effective in orienting LCPs than shear. For elongational flow
the draw ratio is the characteristic parameter which has a direct correlation with
orientation,
tan Px = (tan Px=o)(Dr-^) (1.28)
where Px is the orientation angle that an orienting particle makes with the elongation
direction x..
Px=0 represents any intrinsic orientation before elongational flow.
Dr is the draw ratio.
X is a characteristic parameter that relates to the orientability of the material.
The total shear determines the amount of orientation, so only high shear rate
processes such as injection molding are capable of imparting the orientation comparable
to highly drawn fibers [Kenig 1987, Kenig 1989].
The banded structure observed in thermotropic and lyotropic polymers subjected
to flow is thought to be consequence of relaxations or flow instabilities which may be
related to the Frank elastic constants [Thomas and Wood, 1985, Meyer, 1973]. The
elastic constants of splay and bend and viscosity coefficients of liquid crystals
corresponding to comparable flow deformations have been shown to correlate with
molecular structure in a lyotropic liquid crystal PBLG. The bend coefficient is
dependent upon the molecular weight up to the persistence length of the polymer.
However, the splay coefficient is shown to have a molecular weight dependence well
past the persistence length [Lee and Meyer, 1973].
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CHAPTER 2
INFILTRATION OF PBZT FILMS WITH SOL-GEL GLASS
2,1 Introduction
Poly(p-phenylene benzobisthiazole) or PBZT is a lyotropic rigid rod polymer
that when spun into fibers shows outstanding unidirectional strength and modulus and
high heat resistance [Allen, 1983]. Lusignea et al. [1989] have made quasi-isotropic
PBZT films possessing high strength and modulus with controllable planar orientation
[Lusignea, 1989, Kovar et al, 1989]. Such films are produced by extruding PBZT
solution through a counter rotating annular die assembly followed by coagulation. The
balanced mechanical properties, tiie high temperature stability, along witii the dielectric
and optical properties of these biaxially oriented films will make them candidates for
fabricating composite materials and structures with unique characteristics. These films
are being investigated as reinforcement for a variety of matrices [Newman et al., 1991].
The compressive strength of rigid rod polymers is generally about one tendi of
the tensile strength and has been shown to result ft-om elastic instabilities associated with
low shear modulus PeTeresa, S. J., Allen, 1987, Allen, 1989). A proposed way of
improvement of compressive strength ofPBZT is to epoxy impregnate tiie water swollen
microfibrillar structure observed in rigid rod polymers before collapse upon drying
[Cohen, Farris and De Teresa, 1986, 1989, 1990, and 1992, Cohen, 1987]. Pottick
[1986] showed diat PBZT fibers show very high strengtii while tiiey were still swoUen
with water after coagulation and prior to drying or heat treatment. This is direct
mechanical evidence for die existence of tiie microfibrillar network. Such an approach
could improve die compressive strength by increasing fibril interactions and
correspondingly tiie shear modulus.
27
Lusignea et al. fabricated biaxial oriented films by using a counter rotating die
and characterized the mechanical properties of these films and their composites
[Lusignea, 1989, Kovar et al., 1989, Newman et al, 1991]. This chapter presents the
morphology of biaxially oriented films and PBZT/glass composite fihns fabricated by
permeating the as-coagulated water swollen PBZT biaxially oriented films with sol/gel
glass systems. Alcohol soluble sol-gel precursors will infiltrate into the swollen film
which after drying and a heat treatment will yield a PBZT/glass composite that hopefully
exhibits good compressive properties.
2.2 Experimental
2.2.1 Materials
After extrusion through an annulus composed of counter rotating cylinders,
subsequent coagulation, and stage drying cure, the biaxial films have a specific curl (See
Figure 2.1). Here the inner surface refers to the concave side of the film and the outer
surface refers to the convex side as shown in Figure 2. IB. Figure 2.1C illustrates the
coordinate system used to describe orientation of the films for X-ray and microscopy
experiments.
Table 2.1 lists the samples characterized in this study. Stage drying is the
process that removes the water firom the film while on a frame under tension using a
specific applied heating program [Lusignea, 1986]. The composites contain sol glasses
of different densification temperatures chosen regarding the degradation temperature of
PBZT [Kovar, 1986, Kovar and Lusignea, 1986].
Lusignea showed that the biaxial PBZT films have a layered structure [Lusignea,
1989]. The SEM image in Figure 2.2A shows cut biaxial PBZT consists of fibrils with
layers showing two distinct preferred orientations. The fracture surface in Figure 2.2B
suggests there is a region within the film where the fibril orientation twists between the
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two preferred directions. The micrograph shows that within this zone there is a gradual
change in orientation through the film thickness resulting from the flow field between the
counter rotating cylinders during fabrication.
The as-coagulated PBZT fihns are swollen with water and can be stored in this
state. The films undergo irreversible collapse upon the removal of water by drying or by
osmotic pressure if placed in a liquid with a significant difference in polarity. To obtain
sol-gel glass infiltrated PBZT films, water must be replaced using a series of exchanges
of alcohol/water mixtures followed by a similar sequence with sol-gel precursor/alcohol
mixtures.
The method outlined by Cohen describes the infiltration of PBZT fibers and
films with epoxy resins [Cohen, 1989, Cohen, Farris and De Teresa, 1986, 1989. 1990,
and 1992, Cohen, 1987]. Using a progression of ethanol/water mixtures of increasing
ethanol content, ethanol replaces the water in the as-coagulated swollen film. Continuing
the procedure with mixtures of Epon 828 epoxy, hexamethylene diamine curing agent
and ethanol yields a PBZT/epoxy composite film [Cohen, 1987],
Employing mixtures of alcohol soluble sol-gel glass precursors in these
procedures produces PBZT/glass composite films upon drying and curing. Figure 2.3
summarizes the operation of infiltrating the microfibrillar network of rigid rod polymers.
2.2.2 Wide Angle X-ray Scattering (WAXS)
WAXS diffraction patterns are from a Statton camera using camera lengths of
28.6 and 49.3 mm and nickel-filtered CuKa radiation. Also, a Xentronics X-IOOA
system applying a muWwire proportional counter with monochromatic CuKa provided
azimuthal and radial traces of diffraction patterns presented later. Diffraction patterns
were obtained with the incident beam along the x and y directions defined in Figure
2.2B.
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The Xentronics system digitally stores diffraction patterns using software
packages for image processing. An Optronics 1500 digitized the diffraction patterns
from the Statton camera to obtain azimuthal traces using software developed by Jack M.
Gromek of the University of Connecticut.
Table 2. 1 Description of PBZT/ Glass Samples
PBZT Control
Heat Treatment
Stage dried at 300oC
Glass
(%w/w)
0
Content
(%v/\)*
0
Si02 Stage dried at 30(PC 35 30
Si02 Stage dried at SOQOC
Hot pressed at SOQoC 35 29.3
Borosilicate (Si02-B203) Stage dried at 300oC 29 26.4
Borosilicate Stage dried at 350oC
Stage dried at 500oC 29 24.1
Lead Borate (PbO-B203) Stage dried at 300oC 29 24**
Lead Borate Hot pressed at 300oC 29 24**
(*Assuming specific gravities on neat glass samples heat treated to similar temperatures
[Kovar, 1987])
(**Assuming specific gravity of 2 for the lead borate glass [Geller and Bunting, 1937])
2.2.3 Microscopy
A JEOL 35FX scanning electron microscope provided SEM images of the
biaxial film samples. A gold coating on the specimens reduced charge build-up and the
subsequent discharging to the detector. Polaroid P/N film was used to record the SEM
images.
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Direction
Figure 2.1 Schematic demonstrating (A) biaxial film production (B) the natural curl
in film and (C) the coordinate system of X-ray experiments.
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Figure 2.2 (A) SEM image of a cleaved PBZT biaxial film showing the two main
layers into which the film readily divides. The fibrils tend to orient in two
different directions in the two film halves. (B) SEM image of similar film
in which the fracture surface indicates a twist in the fibril orientation
through the film thickness.
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PBZT Biaxial Film
Layered Structure
10-20 nm
Water Swollen As-spun
Biaxial Film
Sequential Replacement Of Water
With Water/Methanol Mixtures
Methanol Swollen Film
i
Sequential Replacement Of Methanol
With Methanol/Epoxy Mixtures
Or Sol/Gel Precursors
Epoxy Or Sol/Gel Glass Swollen Film
Figure 2.3 Schematic of infiltration procedure.
Pelco Medcast Quik-Mix Kit epoxy of medium hardness was the embedding medium
for the film specimens. To facilitate microtomy, the films were mounted in a silicon
rubber or polyethylene molds for cross and longitudinal sections. The epoxy was cured
at 60° C for 16 to 20 hours.
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The embedded film samples were trimmed to approximately 1 square millimeter
in size and sectioned a Sorvall MT2B ultra-microtome. A diamond knife will microtome
PBZT films at ambient temperatures using water to float the sections after cutting. For
TEM examination, copper grids supported the thin sections retrieved from the water
surface.
TEM images of the film thin sections were obtained using a JEOL lOOCX TEM
or a JEOL 2000FX TEM at 200 kV using Kodak SO-163 electron image film.
2.3 WAXS and TEM Results
2.3.1 Stage drying
Figure 2.4 shows X-ray diffraction patterns for the stage dried PBZT control film
and various PBZT/sol-gel glass films after stage drying and other thermal treatments.
Table 2.2 displays indexed crystalline reflections for samples with low diffuse scatter.
Stage-drying converts the sol/gel glass precursors into microvoid filled gels that
diffusely scatter X-rays at low angles as shown in Figures 2.4 B, D, and F. The
microvoid scattering does not have a prefeired orientation and its presence does not
appear to alter the symmetry of the PBZT reflections. The microvoid scattering obscures
the inner [001] reflections; therefore, some of tiie voids can be estimated to be 1.2
nanometers in size. The lead borate glass infiltrated sample scatters the most of the stage
dried samples due to the larger electron density difference fi-om the presence of the Pb
atoms.
The X-ray difft-action patterns of the glass impregnated films show strong diffuse
scattering only before heat treatment; (note that heat treatment means higher temperatures
than normal stage drying). The stage dried PBZT/lead borate composite film shows two
diffuse wide angle halos corresponding to an average spacings of 1.0 nanometers and 3
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to 4 nanometers, indicative of an amorphous glass. Strong diffuse scattering is also
present at low angles from larger (>5.0 nanometers) microvoids.
2.3.2 Annealing effect on X-ray scattering
Figure 2.4 also illustrates the effect of the glass fusion upon the presence of
voids. For the glass samples with varying heat treatments, the glass increases in density
as microvoids disappear in the coagulated, dried gel thereby reducing the observed
diffuse scattering. The densification heat treatment significantly reduces the diffuse
scatter of the glass impregnant as can be seen by comparison of the intensity of the
diffuse scattering with that of the PBZT reflections.
Figures 2.4C and 2.4E show the X-ray diffraction patterns of the heat treated
PBZT films infiltrated with silicate and borosilicate glass, respectively. The patterns do
not differ from the PBZT control in Figure 2.4A as the spacing measurements in Table
2.2 attest.
Table 2.3 shows the indexes of tiie reflections of the diffraction pattern in Figure
2.4G. Besides an observed reduction in diffuse scatter upon heat treatment, tiie lead
borate sol-gel impregnant crystallizes with isotropic orientation. The hot pressed
PBZT/lead borate glass composite film exhibits a number of new reflections that are
characteristic of unoriented crystallized lead borate glass [McMurdie and Bunting, 1939,
Krough-Moe and Wold-Hansen, 1973, Perloff and Block, 1966, Fieser and Goldsmith,
1978]. The observed reflections qualitatively fit witii tiie calculated reflections for the
compounds of, hexalead pentaborate (6PbO-5B203) [Krough-Moe and Wold-Hansen,
1973] lead tetraborate (PbO-2B203) [Perloff and Block, 1966] and crystalline elemental
Pb. Table 2.3 shows the correspondence of the measured reflections to
those calculated
from the given unit ceU parameters ofPBZT, 6PbO-5B203, PbO-2B203, and
Pb. The
lack of identification of all reflections shows the difficulty of classifying
components in
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crystallizing lead glasses [Krough-Moe and Wold-Hansen, 1973]. The correlation with
the reflections for the lead tetraborate does not appear to match as well at the higher d
spacings as for the reflections for the hexalead pentaborate.
The data indicates hot pressing greatiy affects the form of the lead borate glass.
However, it is not clear whether the crystallization is a result of the applied pressure or
the additional time the hot pressed sample is at elevated temperature compared to the
stage dried sample.
2.3.3 Orientation Distribution Estimation
As previously noted, the balanced biaxial PBZT films have a layered fibrillar
structure [Lusignea, 1989]. Figure 2.2A illustrates that the films easily split into two
layers with the fibrils having distinct orientations inclined 35 to 40 degrees from the
machine direction. However, Figure 2.2B shows a progression of twist of adjacent
layers that suggest a distribution of orientations. Figures 2.5 and 2.8 show comparisons
of X-ray diffraction patterns the inner and outer film portions for the neat and
impregnated PBZT films, respectively, along with the scattering patterns for whole films.
After digitizing the diffraction patterns, the data analysis entails integrating the intensity
with respect to the scattering angle, 9, over a defined annular region, (ri to ri). and
plotting the results versus the azimuthal angle, <]). The schematic in Figure 2.6 illustt-ates
the procedure; Figures 2.7 and 2.9 show plots of relative intensity versus if the PBZT
and PBZT/borosilicate films.
If the fiber axis is perpendicular to the incident beam, the variation of intensity
with azimuthal angle, (t), relates to both the Bragg scattering angle of a
reflection, G, and
the orientation of the crystallographic planes relative to the fiber axis, p, by the following
equation:
ft
^Q^^ (2 1)
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This relation holds for meridional reflections and applies to equatorial reflections
if the a and b axes of tiie unit cell are perpendicular to the c axis. Since 9 is small and
provided p»9, then the intensity at 0 is equivalent to the density of crystallographic
planes oriented at tiie angle P with respect to tiie fiber axis [Alexander, 1969]. The
equatorial reflections for tiie [010] are used in our orientation measurements because die
meridional reflections are weak and the axial disorder in PBZT causes strong streaking
of these meridional diffraction signals.
2.3.4 Orientation Function Estimation
Comparison of azimuthal intensity scans shows that die orientation distribution
in the balanced biaxial film samples does not exhibit cylindrical (fiber) symmetry.
However, assuming fiber symmetry, calculated orientation function values can give a
relative basis for comparison of a series of related samples. Absolute fiber orientation
function calculations require knowledge of the P, tiie angle of the crystalline planes with
respect to the reference axis.
Table 2.4 lists the orientation function values determined from azimuthal scans of
the [010] equatorial reflection with respect the machine direction, the z axis. A value of
zero indicates no preferred orientation (isotropic) and a negative value denotes preferred
perpendicular alignment with a value of -0.5 indicating perfect perpendicular orientation.
The whole film exhibits on average almost planar isotropic molecular orientation,
which correlates well with the physical property data. [Lusignea, 1989]. The average
molecular alignment in the film plane is higher in the inner film than the outer film; the
outer half probably contains the region of twist shown in Figure 2.2B. The distribution
function value shows that the outer film shows almost isotropic alignment.
Glass impregnation does not significandy affect the molecular orientation in the
films. Coagulation and the subsequent heat treatment reduce the voids in the dried gel,
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but do not cause any significant difference in the observed average PBZT molecular
orientation.
Figure 2. 1 1 shows an X-ray diffraction pattern for a PBZT film with the X-ray
beam incident from the y direction. An average of the intensities can be obtained from
scattering patterns with the X-ray beam incident from tiie x and y directions to yield a
refined estimation of the axial symmettic orientation function for diese films. The
molecular alignment through the film thickness shows high orientation with respect to
the machine direction.
Figure 2.13 shows a suggested model for the molecular orientation with respect
to the film tiiickness based upon tiie SEM images and tiie X-ray diffraction data. The
data shows tiiat the a major portion of tiie material is oriented at an angle determined by
the counter rotating speed and the tiiroughput. There is a gradual twist in orientations
nearer tiie film surfaces. Near the center of tiie film tiiere is a large change in orientation
direction in a shorter distance.
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Figure 2.4 PBZT film X-ray diffraction patterns with the X-ray beam
incident from the X-direction. (A) Control (No gl^s), stagedned at SOQOC. (B) Silicate, Stage dried at SSO^C (C)
Sihcate Hot Pressed at 500oc. (D) Sodium Borosilicate Stage
'Sn Borosilicate Hot Pressed at
^
500OC. (G) Lead Borate Stage at 3000C. (H)Lead Borate
Heat treated at 300OC. '
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Table 2.2 Wide Angle X-ray Diffraction Data
PBZTUnitCeU: a=0.597nm b=0.362nm c=1.245nm 7^95.20
PLattice Plane]
Spacings (nm)
SAMPLE
[001] [002] [003]
Control 1.24 0.62 0.41
Si02 1.24 0.62 0.42
Borosilicate 1.24 0.62 0.41
Borosilicate 1.24 0.62 0.41
and
[002]
0.59
0.59
0.60
0.59
[010] [ ? ]
0.37
0.37
0.36 5*
0.36
(deg)
33
36
33
*very weak reflecrion observed on 24h exposure
/
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Table 2.3 Indexing of Hot Pressed PBZT/Lead Borate Composite Film
1? f*flp1^ri r»n Ocalcvni"^ v-^ompouna Idmeas-dcalcl
1.247 w l\J\j 1
J
PR7T
0.620 w U.UUj
0.599 sb nooi PR7T
0.588 WW nooi 0.582 2*t
0.564 WW [0021 0.544 2 0 090
0.512 w roiii 0.524 2 n 019
0.502 w [002] 0.535 \
0.457 WW
0.441 w
0.427 WW [0101 0.431 \ 0 004
0.409 mb [0031 0.415 PBZT 0006
0.404 sb [0121 0.399 2 0 oos
0.360 [0101 0.361 PBZT 0 001
0.360 [003] 0.362 2 0.002
0.350 WW
0.345 ss [110] 0.345 2 0.000
0.340 WW [012] 0.336 1 0.004
0.299 ss [020] 0.297 PBZT 0.002
0.299 [0131 0.307 2 0.008
0.286 m [0211 0.305 2 0.019
0.260 w [022] 0.291 24^b 0.031
0.248 m [005] 0.262 2 0.014
0.222 w [2011 0.249 Pb 0.027
0.209 ss [0211 0.222 2 0.013
0.202 s [0301 0.211 1 0.009
0.197 w [0311 0.203 2 0.006
0.194 w [3001 0.198 2 0.004
0.191 WW [210] 0.194 2 0.003
0.186 m [032] 0.19 1 0.004
0.180 w [202] 0.188 2 0.008
0.175 WW [0331 0.181 2 0.006
0.171 w [022] 0.175 2 0.004
0.168 w [1301 0.172 2 0.004
0.164 w [310] 0.168 2 0.004
0.162 w [301] 0.163 2 0.001
0.159 w [123] 0.161 2 0.002
0.157 w
0.154 w
0.151 w [220] 0.151 2 0.000
0.149 w [132] 0.146 2 0.003
SIdmeas-dcalcl = 0.274
1 = lead tetra borate 2 = hexalead pentaborate
w=weak, m=medium, s= strong, b= broad
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Figure 2.5 X-ray diffraction patterns with beam incident from the x-direction of
PBZT film (A) that splits into two layers; an outer layer (B) and an inner
layer (C). ^ is the azimuthal angle with the z axis shown in Figure 2.1.
43
Integration
lioo Area
I
j^I((t),r) dr plotted versus (J)
n
Figure 2.6 The schematic demonstrates the method of obtaining integrated intensity
versus azimuthal angle plots from the X-ray diffraction patterns.
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AFigure 2.7 (A.) A trace of relative integrated intensity verses the azimuthal angle 6
for the X-ray patterns in Figure 2.5. The intensities of the two fihn halves
were weighted so their sum will yield the trace for the full fihn (B ) A
comparison of the sum from Figure 2.7A and the relative intensity versus
azimuthal angle, (j), for the whole PBZT film
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Figure 2.8 X-ray diffraction patterns from a heat treated PBZT/borosilicate glass
composite film (A) split into two layers; an outer layer (B) and an inner
layer (C). 0 is the azimuthal angle with the z axis and the molecular
onentation.
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Heat Treated PBZT/Sodium Borosilicate Film
Sum of Inner
Figure 2.9 (A.) A trace of relative integrated intensity verses the azimuthal angle, d),
for the X-ray patterns in Figure 2.8. The intensities of the two fihn halves
were weighted so their sum will yield the trace for the full film. (B.) A
comparison of the sum from Figure 2.9A and the relative intensity versus
azimuthal angle, (j), for the whole PBZT film.
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Figure 2.10 A schematic showing the relationship between
<[), p and r (20) [Alexander,
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kMD
I
Figure 2. 1 1 X-ray diffraction patterns from folded biaxiaJJy oriented
''^
""^^ ^-^^y is incident from the y direction,
1 he lUlOJ reflection has a much higher intensity due to the crystallite
onentation within the y-z plane.
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Figure 2.12 A ttace of relative integrated intensity verses the azimuthal angle, (b. for(A) a folded PBZT film and (B) a folded PBZT/borosilicate in which the
X-ray beam is incident in the y direction (see Figure 2.1C).
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Table 2.4 Orientation Function Values for Cylindrical Symmetry
sin(t) cos^t d(t)
!
0
1(0) = fI(<t),|i) dp
I((t)) sin<|) d<t)
X-ray Beam Direction: x axis y axis x and y axes
mO) I(<t),90) (I«t),0)+I((t),90))/2
Sample:
PBZTFilm
.0.08
-0.26
PBZT Film inner
-0. 1
3
PBZT Film outer
-0.03
PBZT/Borosilicate Film
-0.09
-0.25
PBZT/Bs Film inner
-0.17
PBZT/Bs Film outer
-0.04
•0.15
0.15
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Figure 2.13 A suggested model for the through thickness orientation distributionbased upon SEM and X-ray diffraction evidence.
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2.3.5 Crystallite Orientation and Size
n. da». analysis involves in,=g„d„g i„„„si^
,(^) ^.^
,^^^.^^^
angle. and p,„„ing versus scattering angle. 29 (or „«iial dis^ce r on *e
scattering pattern).
The expression
ri(<t>>20)d(i)
is plotted versus 29. The variable r is the scattering angle 26 (which can be represented
as the radial distance on the scattering pattern, see Figure 2. 14).
Azin^uthally averaged radial intensity profiles ofX-ray scattering patters can
g^ve abdications on how the chains are oriented about the machine direction. In Figure
2.15 the azin^uthal averaged radial intensity of the f100] crystal plane reflection is higher
relative to the [010] reflection when the X-ray beam is incident on the film in the x
direction than when the beam is alongtheydirection. For uniaxial fiber symmetry the
intensity of the [010] reflection would be a constant percentage of the [100] reflection
intensity independent of the radial X-r.y beam direction. Figure 2.15 indicates that the
[100] crystal planes are oriented preferentially in the plane of the film [Minter, 1982].
The data indicates across the thickness of the film the PBZT molecules tend to
preferentially align with the face of the aromatic rings in the plane of the film TOs
molecular orientation may be an important factor for the laminated sheet morphology
observed in these biaxially oriented films.
nie crystallite size can also be evaluated from the breadth of the peaks in Figure
15 [Minter, 1982 and Hemrans et al.. 1946] using the Scherrer equation,
KA.
^''W= p^H5^ (2.3)
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where is the mean dimension of the crystallite petpendicular to the hkl planes, Po is
the breadth at half-maximum of the reflection profile in radians, and K is a constant
usually assigned the value of one. The data was not coirected for instrumental
broadening so the values are lower bounds to the lateral crystal size. The results listed in
Table 2.5 (1.5-3.0 nanometers) are comparable to previous calculations by Minter forX-
ray data ofPBZT uniaxial films [Minter, 1982].
-90 0—
180 «
Integration
Area
l(^,f) dr plotted versus 29 (2.4)
Figure 2.14 The method of acquiring of the relative aidmuthally integrated intensity
versus scattering angle, 20, from X-ray diffraction patterns.
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PBZT HEAT TREATED FILM
[100] tOlO]
0 10 15 20 25 30 35 40 45 50
26 Scattering Angle (Degrees)
Figure 2.15
torPBTprZf^if^u'^^^ ^^Sr^'^ intensity versus scattering angle£ V dilcSm 7^.^u-^"^^ '^'"^ X direction Ldme y irection. Crystallite size estimates are given in Table 2.5.
Table 2.5 Analysis of X-ray Data
^Diri?nr
^^,^Size Calculation (Lhki) Intensity Ratioirectio [lOO] [OlO] I[ioo]rl,oo]2
Y (Edge on)
X
X
X
X
Y (Edge on)
PBZT Film
Full**
Full**
Full
Inner half
Outer half
Full
PBZT/BS
Film
Full
Inner half
Outer half
Full
* See Figure 2.2 for coordinate system
**Obtained on Xentronics System
X
X
X
Y (Edge on)
2.2
2.4
2.3
2.3
2.3
1.8
2.7
2.7
3.4
1.8
1.6
1.5
2.8
2.4
2.5
1.4
2.8
2.9
2.3
1.9
1.17
2.31
4.06
5.67
4.12
2.31
4.00
5.79
4.53
2.72
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2.3.6 TEM Images
Figure 2. 16 shows a schem^ic depicting airmgenien. of fita samples for
microtoming. Figure 2.17 compass TEM bright and darK field ™™g,aphs ofc^ss
sectas of a PBZT s,age dried con.o, <„o glass, fto wi,h both stage dried and hea,
pressed PBZT.ead ta,e fltas. A layered secure in *e images follows a dit^tion
independem of d,e knife n^. However, seleedve elee,„,„ difftacdon neasuren.en.s
.nieare te the orie„tati«, of the PBZT is in the Icnife direction due to defot^adon
during microtoming [Cohen, 1987].
The microtoming process enhances visualization of the layers by applying
compressive stresses that separate the microfibrils. The obsen^ed layers in the PBZT
control film have a thickness on the order of 50 to 100 nanometers.
In Figures 2.17 B and 2.17 E. cross sections of the stage dri«i only lead borate
sample show the same layered PBZT film stn^cture. The lead borate glass appears as the
large dark objects in the bright field images. These discrete particles are about 100
nanometers in diameter and are somewhat elongated along the knife direction.
The TEM bright and dark field images in Figures 2.17C and 2.17F show a cross
section of the hot pressed PBZT/lead borne sample. Many smaller particles are
resolvable in ti.e TEM micrographs of a cross section of hot pressed lead borate sample
than in the samples that were only stage dried. Figure 2.14Fis a dark field image of the
same region in Figure 2. 17C using the diffracted electrons of both PBZT reflections and
crystallized lead borate. The small bright regions are diffracting particles now more
visible in the hot pressed samples due to the increased image contrast from
crystallization.
nie particle size distribution can be qualitatively estimated as bimodal with the
large particles on the order of 100 nm and the smaller particles approximately 10 nm in
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diameter. THus, the lead borate is not continuous at the 28 to 30 per cent weight loading
in either the stage dried or the hot pressed samples.
The original volume of water in as-coagulated PBZT from 5% solids spinning
solution has been shown to be about 85% [Q,hen. 1987]. The maximum volume
fraction of glass attainable is limited because the initial infUtrant is a solution of the sol-
gel glass precursor and upon heat treatment the precursor undergoes densification.
Water swollen PBZT as coagulated film was infiltrated with epoxy by the
procedure oudined in the experimental section. Measurement of the neat PBZT film
width before and after epoxy impregnation indicates no significant shrinkage occuired.
Figure 2.18 compares a cross section of the epoxy impregnated as coagulated
biaxially oriented PBZT film with a higher magnification cross section of the heat
pressed PBZT/lead borate sample. The microfibrillar network first obseived by Cohen
in PBZT fibers is evident in the bright field TEM image. The larger lead borne particles
in Figure 2.17B are approximately the same size as the voids between the microfibrils in
Figure 2. 17A.
Figure 2. 19 shows bright and dark field images of the PBZT/ borosilicate glass
composite film. The images show the same layered structure with fibrils 10 to 20 nm in
diameter as seen in the lead borate soINgel composites. Moreover, the contrast between
some layers is high, which may indicate that the borosilicate glass concentrates between
the PBZT sheets. The scattering by the borosilicate is less than that observed for the lead
borate, so the general image contrast is less. The viscosity and surface tension of the
borosilicate infiltrant may cause collapse of the microfibril network because of the
osmotic pressure; the sol-gel precursor only penetrates between the layers and not into
the microfibrillar structure. No particles are evident in these images as in the lead bomte
glass sample.
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Figure 2.20 i. a bar graph showing *e effec, of i„f,ta,e. „a,3 oo„,e„, ^upon U,e mechanical propenies of *e talanced biaxial fita (Kovar. 1987J TTe
demmental to the tensile stiength prc.pcrties.
One would no, expect a paniculate n,on=hology to help ,„ increase the
compressive su^ngth of the itrtptegnated film, mechanism of comptessive failute in
.hese polymet. has been ptoposcd to be an instabihty due to the anisofopic clasdc
constants or dte shear strength [De Te.sa, 1986. Allen, 1989, Argon, 1972] Tlese
hypodieses suggest that ,o increase dte comptessive strength of polymet. lilce PBZT
.noises in either the shear modulus or strengd, must be
.alized. It has also been
'
propo«=d that the impregnated glass should be indmately associated with the PBZr
fibrils (perhaps in the ton. of a eoadng) for the glass to be effective [Kovar, I987J T„e
Observed botosilicate laye,. would be expected to ^ve mote suppon than a partculate
morphology.
SEM images indicate the silica glass fomis layet, in infiltrated PBZT film
(Kovar et al., 1987J. TT,e SiO^ inffl^ated PBZT films show an increase comp„ssive
strength compared with PBZT films when laminated wid, PEKK as the adhesive [Kovar
etal., 1989].
2.4 Conclusions
The PBZT orients in the films at a +/- 35-40 degree angle inclined from the
machine direction. The SEM and X-ray data indicate a continuous twist of the PBZT
chain axis direction through the z direction of the fihns. The data indicates the change in
orientation direction is gradual near the surface and the change is lapid with respect to
distance within a small region in the interior.
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The loio/Iioo intensity ratio depends on the incident x ray beam direction The
[010] planes are preferentiaUy parallel to the y-z plane, i. e. in the fih. plane The
obsen^ed PBZT layering may therefore have a molectUar origin; specifically, the
orientation of the aromatic rings is in the plane of the layers.
The sol-gel infiltrate contains a large amount of voids after drying. For the glass
composite stage dried (300° C) samples, the void size observed from the X-ray samples
was found to be 0.3 to 1.5 nanometers with the average being 1.2 nanometers. TTie voids
had no preferred orientation. The densification heat treatment causes a loss of the
diffuse scatter due to voids in the glass. The void loss is a function of temperature and
probably is a function of time and pressure as well.
This work demonstrates the feasibility of infiltration of soVgel glass into the
microfibrillar as-coagulated structure of the PBZT fihns. The moiphology demonstrates
that infiltration of the glass is successful. However, the low amount of glass that results
from the precursor infiltrant. the final volume fraction of glass impregnant within the
PBZT fitai or fiber.
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CHAPTER 3
LIQUID CRYSTAL POLYMER FIBER BLENDS BY SOLUTION
BLENDING
3.1 Introduction
Most investigators study blends of lyotropic liquid crystalline polymer and coil
type linear polymer by spinning fibers from relatively low concentration isotropic
solutions attempting to attain composites of rigid molecules dispersed on a molecular
level in a coil polymer matrix [Kumar et al., 1988; Hwang et al., 1983, Takaynagi, 1984].
The formation of a microfibrillar network in these systems was first evident from
mechanical data of as-spun wet fibers [Pottick, 1986]. Morphological evidence of the
microfibrils was presented by replacement of the water with epoxy resin and subsequent
electron microscopy and small angle X-ray scattering data [Cohen and Thomas, 1988].
Figure 2. 19A in the previous chapter shows TEM micrographs of such an infiltrated
fibn.
Poly(para-phenylene benzobisthiazole) or PBZT has also shown to form a
microfibrillar network upon coagulation from isotropic solution blends with flexible coil
polymers [Hwang, 1989]. Such work questions the feasibility of molecularly disperse
blends of rigid rod polymers such as PBZT. The diffusion controlled process of
coagulation and the relative solubilities of the blend components determines the
morphology of the final blend [Hwang, et al., 1991a]. For example, the network formed
during coagulation firom an isotropic nylon/PBZT solution has the same tensile and
compressive properties as a nylon infiltrated PBZT fibrillar network with the same
materials [Hwang, et al., 1991b].
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3.1.1 Liquid crystal solution blends
The advantages of spinning an immiscible solution blend of liquid crystal
polymers and coil polymers become evident if one considers several factors. First,
higher concentration solutions are wanted for fiber spinning for practical
reasons.
Second, experimental evidence indicates that phase separation
will occur even at low
concentrations [Hwang, 1989]. Third, at higher concentrations the liquid crystalline
polymer will have anisotropic phases diat exclude any coil polymer
for thermodynamic
reasons. Solutions of lyotropic liquid crystal polymers in the
anisotropic region of the
phase diagram will not form single phase solutions with the addition
of coil polymers
[Hory, 1978].
Investigations of fibers spun at solution concentrations such that
the solution is
in the single phase liquid crystal region or the biphasic region
of the phase diagram
reveal that the resulting fibers contain two phases the rigid rod
polymer as a minority
component in the blend [Krause et al, 1986 and 1988]. Spinning from
multi-domain
mixtures may offer further advantages in subsequent processing (such as
eliminating
preimpregnation before lay-up) to obtain final structural components.
The use of higher
melting Uquid crystal polymers in matrices with lower melting
points is cited as a method
of forming composite structures consisting of liquid crystal
polymer reinforcing fibers
formed in-situ in a tiiermoplastic matrix [Bassett and Yee, 1990].
The investigation of
how spinning processing variables affect the final morphology on various
length scales
may indicate which process parameters are dominant, and give
direction on which
processing condition would yield novel structures.
3. 1 .2 Rheological behavior of multi-phase systems
MagUochetti [1989] performed steady shear rheological
experiments on a select
pair of quaternary solutions, which are isotropic and biphasic
mixtures of PBZT, coU
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polymer, poly(phosphoric) acid (PPA), and methane sulfonic acid (MSA). He found
support for proposed shear-induced orientation hypothesis for biphasic solutions.
Explicitly, the application of a steady shear causes a decrease in the dynamic moduli,
linear relaxation modulus and discrete relaxation spectrum due an increase in molecular
orientation [Magliochetti, 1989]. There are no characterizations of the effects of
elongational flows found in the fiber spinning process of such blends.
niis chapter summarizes morphological characterization of spinning dopes,
fibers, and composite structures made from poly(phenylene benzobisthiazole)
(PBZD/poly(ether ketone ketone) (PEKK) and PBZT/aromatic amoiphous polyamide
blends.
3.2 Experimental
3.2.1 Materials
E. 1. du Pont de Nemours and Company Inc. supplied the PBZT/PEKK and
PBZT/Zytel aromatic polyamide fiber, composites, and spinning dope samples and
solutions for this study. Figure 3.1 shows the general chemical structures and solvents.
Magliochetti examined these spinning dopes in steady shear rheological experiments
[Magliochetti, 1990].
3.2.2 Mixing
For dope morphology experiments, two solutions were mbced; 50.0 grams of a
11.0% solids PBZT/PPA solution (from E. I. du Pont Co.) and 47.0 grams of a 5.2%
solids Zytel 330/MSA solution, yielded a 69/31 PBZT/Zytel 330 (11% solids) spinning
dope with a 50/50 PPA/ MSA solvent mixture.
The Atlantic mixer held the PBZT spinning dope under a nitrogen gas purge
while mixing with the speed set at 5 and the mixing chamber's heating oU set at 450C. A
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thermal couple on the exterior of the mixing assembly indicated the chamber temperature
remained within the range of 40-44OC throughout the experiment. The mixer ran at fuU
speed after addition of the polyamide solution to mixing chamber. Removing samples
from the mixer at various time inteivals permitted examination of the effect of mixing
time on dope morphology. Nitrogen purged glass vials (stored in a freezer to prevent
reorganization) held the mixed spinning dope samples until microscopic observation.
A slight shearing of a small quantity spinning dope between two glass slides
allows observation the structure of the spinning dope by forming a preferentially oriented
thin film of PBZT. A nitrogen gas purged glove bag kept moisture from contacting the
spinning dope during sample preparation. Placing the slides into a small Ziploc bag
excluded moisture. Cutting and taping the edges of the polyethylene bag to the upper
glass slide permitted a window free of polyethylene for viewing of the sheared spin dope
between cross polars on a Zeiss polarizing optical microscope. Polaroid Type 55 P/N
black and white film was used to record the images.
3.2.3 Fiber spinning
Figure 3.2 is a schematic of a spinning apparatus used for fabricating fibers. The
spinning apparatus could successfully produce fibers with the spinning dope at a
temperanare of 60° C and the air pressures of 300 to 400 psi. The spinning dope
extruded direcdy into a bath containing 50/50 MSA/H2O maintaining a one half inch air
gap. Using water as the coagulant, similar experiments showed how spin-draw ratio (by
varying the take up velocity during spinning) affects the fiber morphology.
A falUng stream was used as illustrated in Figure 3.2 when the coagulant was
water. The elongational deformation is localized in the region between the die and the
top of the falling stream of coagulant.
73
3.2.4 WAXS procedure
The fibers were mounted on cardboard holders with fiber axis
vertical. An
evacuated flat film Statton camera recorded WAXS diffraction patterns using a
nickel
filtered CuKa radiation (wavelength = 1.544 Angstroms).
PBZT
Poly (para-phenylene Benzobisthiazole)
PEKK
Poly (ether ketone ketone)
^
Tg = 155°C Tm = 330C
Zytel 330
Amorphous Aromatic Polyamide
o o
-y-QLy-NH-(CH2)(Hf-
Tg=~130°C
Figure 3. 1 The materials used in this study.
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Figure 3.2 A schematic of a fiber spinning apparatus.
3.2.5 TEM
Mounting the fiber and composite specimens in a silicon rubber or polyethylene
molds facilitates microtomy for cross and longimdinal sections. Pelco Medcast Quik-
Mbc Kit epoxy of medium hardness was the embedding medium for the fiber and
composite specimens. The epoxy cured at 60° C for 16 to 20 hours.
Embedding the samples in epoxy blocks allowed trimming of the specimen to 1
square millimeter permitting microtoming on a Sorvall MT2-B ultra-microtome with a
diamond knife at ambient temperatures. Floating the sections on water permitted retrieval
COAGULANT
BATH
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on copper grids forTEU examination. The sections were 150
to 300 nanometers thick
as determined by interference colors
observed as the specimens were floating on water.
Orientations for the views of the micrographs
concerning the fiber axis are given
in Figure 3.3. Kodak SO-163 electron image
film was used to record the TEM images
of the film tiiin sections on a JEOL 2000FX
TEM at 200 kV. The microtomed epoxy
block faces were also examined with a Zeiss
optical microscope using 546 um
wavelengtii light in reflective mode.
i
CROSS
SECTIONAL
VIEW
LONGITUDINAL
— VIEW
Figure 3.3 Orientational of views for
TEM images.
3.3 Results and Discussion
3.3.1 Mixing of spinning dopes
Tl.is section discusses the amount of
mixing needed to obtain a fine dispersion
of the coil polymer solution in the
nematic PBZT solution, because poor dispersion
should greatly influence the properties
of the fibers. Figure 3.4 compares
the structure
observed inapolarizingmicroscopeofaPBZr/Zytel3369FX
spinning dope andaneat
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PBZT spinning dope both containing 11% solids. When sheared between glass
microscope slides, the PBZT molecules in both solutions orient in one principal
direction.
The image in Figure 3.4A is the PBZT/Zytel 3369FX solution mbcture taken
without any polarizers and Figure 3.4B is the same sample area with the polarizers
crossed to extinction at an angular orientation such that the transmitted light is at
maximum intensity. The droplets in the mixture remain extinct when rotating sample
between the cross polars; the extinction indicates these areas are isotropic and are
probably the polyamide solution droplets.
The refractive index difference between polyamide and PBZT solutions is large
enough to easily observe the interface between the phases. Images for the neat PBZT
spinning dope in Figures 3.4C and 3.4D show none of the internal structure evident m
the PBZT/polyamide spinning dope.
In Figure 3.4A shows the first sample of the PBZT and polyamide solution
which appeared macroscopically homogeneous (after 70 minutes of mixing time); one
can see that the average domain size is on the order 10 microns.
Figure 3.5 shows a sequence of photomicrographs from the same series of
samples. At 2.5 and 3 hours of mixing, the polyamide solution domains are still up to 10
microns in dimensions. At 4.7 hours the dimensions of the domains are comparable to
those of a sample taken after mixing for 17.5 hours. The Atiantic mixer is capable of
dispersing the minority phase to an average equilibrium domain size of 2 microns.
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Figure 3.4 A 69/31 PBZT/polyamide (13% solids) spinning mixture slightly sheared
between glass slides in the indicated direction without (A) and with (B)
cross polarizers parallel to the image edges. (C) and (D) are images (with
and without cross polarizers, respectively, of neat PBZT spinning dope
sheared between glass slides that show no domain structure).
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Optical micrographs of 69/31 PBZT/polyamide (11% solids) spinning
dope samples between glass slides after mixing for (A) 2.5 hours, (B) 3
hours, (C) 4.7 hours, (D) 17.5 hours The sizes of the polyamide rich
regions appear to attain an average steady state size of approximately 2
microns.
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Table 3.1 PBZT Fibers and Composites Studied
Sample
Designation Composition Comments
AS-10 As spun fiber. 60/40 PBZT/PEKK
HT-10 Heat treated fiber (SOQOC) 60/40 PBZT/PEKK
TA-10 Tape from AS-10 60/40 PBZT/PEKK
MB-10 Bar molded from TA-10 60/40 PBZT/PEKK
HT-PA Heat treated MC yam 69/31 PBZT/PA*
A T* n AAT-PA Acid treated HT-PA 69/31 PBZT/PA
TA-PA Tape from HT-PA 69/31 PBZT/PA
MB-PA Bar molded from TA-PA 69/31 PBZT/PA
PA* FX3369 - an experimental aromatic polyamide similar to Zytel 330
Samples supplied by E. I. du Pont de Nemours and Company Inc.
3.3.2 Spun PBZT/coil polymer fibers
Fibers were fabricated from the spinning dope in Figure 3.4 to observe the effect
of spin-draw ratio and coagulants on the fiber morphology. When fiber spinning with a
50/50 mixture of methane sulfonic acid and water as a coagulant, fibers could not be
spun, except at very low draw ratios.
The microtomed sectioning block of mounted fibers allows optical microscopy
examination of the sectioned fibers. Figure 3.6 shows reflective optical micrographs of a
microtomed face of epoxy embedded fibers that were coagulated in 50/50 MSA/H20.
The fibers exhibit domains very similar to the structure of the spin dope of Figure 3.4.
At the low draw ratio values, the fibers show clearly the elongated domains of coil
polymer with a continuous structure of PBZT evident as Figure 3.6b shows. It is
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uncertain whether the polyamide domains are similarly interconnecting or if higher draw
ratio values would increase the probability of formation of continuous structures.
TEM bright and dark field images of cross sections of the fiber in Figure 3.7
indicate that as-spun fibers contain voids, since areas with the same electron density as
epoxy were evident in the interior of the fiber. Tears and folds in the cross section that
are apparent in the image. Cross sections of rigid rod polymers are difficult to obtain
without folding or tearing of the specimen. One can discern the underlying moiphology
in spite of these artifacts of the sectioning process. The PBZT areas can be identified by
texture. However, the PBZT was of low crystallinity in tiie as spun fiber such that die
polyamide diffusely scattered with the same intensity as the PBZT, yielding low contrast
in the dark field images.
Figure 3.8 shows longitudinal sections of the same fiber in Figure 3.7. The
fibers exhibit domains very similar to the structure of the spin dope in Figure 3.4. At
this low draw ratio value, the fiber shows clearly die elongated domains of the coil
polymer witii a continuous structure ofPBZT evident.
Figure 3.9 shows reflective mode optical micrographs of fibers spun witii water
coagulant at draw ratios of 1 and 4, respectively. The water coagulated fiber shows no
obvious difference in moiphology from the acid coagulated fiber. The optical
micrographs in Figure 3.9 indicate fiber cross sections are not circular in shape. The
irregular shapes suggest that die fiber is deformable in cross section during the
coagulation process while the coil polymer is solvent swollen. The importance of tiie
non-circular cross sections will be discussed in a subsequent section.
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Figure 3.6 Reflective optical micrographs of sectioning block showing (A) a cross
section and (B) a longitudinal section of a fiber composed of 69/31
PBZT/polyamide fiber spun at spin stretch ratio of 1.
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Figure 3.7 TEM images showing (A) bright and (B) dark field images of cross
section of a fiber composed of 69/31 PBZT/polyamide fiber spun at spin
stretch ratio of 1. f f
B
Figure 3.8 TEM images showing (A) bright and (B) dark field images longitudinal
sections of fibers composed of 69/31 PBZT/polyamide fiber spun at spin
stretch ratio of 1.
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Figure 3.9 Optical micrographs (reflective mode) of cross sections of
PBZT/polyamide fibers spun with the following draw ratios: (A) 1 and
(B) 4 show the change in diameter, intemal structure, and the noncircular
cross sections of the fibers.
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3.3.2.1 SEM, WAXS and DSC
Table 3.1 lists the sample fibers and fiber composite produced by E. I. du Pont
Inc. for this study. Figure 3.10 shows SEM images of 69/31 PBZT/PEKK fibers before
and after ultrasonification. The presence of the PEKK polymer did not inhibit fibril
formation. The fiber prior to ultrasonification appeared to have a coating; the fibril
structure is revealed after removal of the coating. One would expect this coating to be the
coil polymer, which would be the last to coagulate. Evidence for this assumption will be
discussed in a Section 3.4. The diameter of the observed fibrils are about 1 micron.
Figures 3. 1 lA and 3. 1 IB show wide angle X-ray scattering patterns for both the
as-spun (AS-10) and heat treated (HT-10) 69/31 PBZT/PEKK fibers. Figure 3.1 IC is a
schematic that labels the reflections. The X-ray patterns indicate that the heat treatment
does not enhance the amount of crystallinity of the PEKK compared to the PBZT in the
fiber. Higher order reflections of the PEKK are more evident in the as-spun fiber.
Given the heat treatment temperature (SOO^C) is a considerably higher value than the
PEKK crystal melting temperature (332^0, the amount of crystallinity in the heat treated
fiber would depend upon the rate of cooling. Qualitatively, the diffi^ction spots in the
heat treated fibers are sharper suggesting larger crystals.
Table 3.2 and Table 3.3 show the index values of the patterns. The PBZT
reflections are indexed with the unit cell ft-om Minter [1982]. The PBZT reflections
indicate highly oriented material. The reflections not pertaining to PBZT d-spacings
show isotropic orientation. The orientation as indicated by the PEKK reflections is
isotropic for both the as-spun and heat treated fibers. There is a significant amount of
diffuse scatter indicating the presence of amorphous material.
In the hterature there are no reports of a PEKK unit cell. Unit cell parameters for
poly(ether ketone) (PEK) and poly(ether ether ketone) (PEEK) have been reported
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(Dawson and Blundell, 1980, Rueda et al., 1983). There are also studies of the crystal
habits of PEEK samples with different crystalHzation conditions (Lovinger and Davis,
1986, Blundell etal, 1989).
A sample of unblended PEKK was melted on a microscope slide by heating to
400OC and drawn into fibers with tweezers. After an undetermined amount of drawing
and heat treatment at 210oc, the fiber exhibited crystaUinity as shown in the X-ray
diffraction pattern in Figure 3.12B. The WAXS diffraction pattern indicates only a small
amount of orientation of the PEKK crystals. Figure 3.12A is a X-ray diffraction pattern
of the sample ofPEKK as received showing a considerable amount of diffuse scatter but
no strong crystalline reflections.
Table 3.4 shows the d-spacings for the crystalline sample and calculated d-
spacings for a proposed orthorhombic unit cell. The proposed lattice parameters fit into
a series of poly(aryl ether ketone) polymers; Table 3.4 shows the unit cell parameters for
comparison. The bond angles between the ether and ketone linkages are equivalent and
therefore account for the similarity of the observed unit cell in these polymers [Dawson
and Blundell, 1980].
The DSC thermogram in Figure 3.13 confirms that the as-received solvent cast
PEKK film did not exhibit any crystallinity. The material crystallizes readily at the 20^
C/min heating rate as the endothermic peak at 190^ indicates. The similar area under the
crystallizing and melting peaks indicates limited crystallinity in the as received PEKK
sample.
3.3.2.2 Optical microscopy
Figure 3.14 shows reflective optical micrographs of cross and longitudinal
sections of the as-spun (AS-10) and heat treated (HT-10) multi- filament PBZT/PEKK
fibers. The shape of the area of a fiber's cross section is not round, but iiregular. Figure
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3.14A demonstrates that the separate filaments of the fibers may meld together during
processing.
The reflective microscopy indicates there are micron size domains within the
fibers. One would expect contrast from the difference in the refractive index of the two
polymers if they were phase separated.
In the images of the longitudinally sectioned specimens in Figures 3.14B and
3.14D, one can observe elongated domain structures. In the elongated structures along
the fiber axis in longitudinal sections, one is attempting to detect a morphology of the
size approaching the limits of resolution in optical microscopy. Since the SEM
micrographs indicate a fibrillar structure, one would expect the PEKK to be either
fibrous or exist as a matrix filling the space between the PBZT fibrils.
3.3.2.3 TEM images of PBZT/PEKK fibers
Figure 3.15 shows TEM bright and dark field images of a cross section of the
as-spun 60/40 PBZT/PEKK (AS- 10) fiber. On the bright field image an arrow marks
the direction of the knife marks and induced tears in the section. Wrinkles that are
perpendicular to tiie knife direction are in both micrographs of the thin section, but are
more prominent in die dark field image. An "E" labels the epoxy at the fiber surface.
The dark field image, arising from tiie PBZT [100] and [010] equatorial reflections of the
electron diffraction pattern, shows the same mottled structure seen in die bright field
image, but with reverse contrast.
The darker regions away from the edge indicate that the PEKK regions are as
large as a micron in cross section. There is also evidence of finer structure (about 0.01
micron in size) seen with higher contrast in the dark field image (Figure 3.15B).
Figure 3.16 shows the rectangular area in Figure 3.15A at higher magnification.
The material with differing contrast from the fiber interior and die epoxy is evidence of a
coating at the fiber and epoxy interface. Cohen demonstrated the microfibrillar
network
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of rigid rod polymers by infiltration of water swollen PBZT with epoxy [Cohen and
Thomas, 1988]. He speculated upon the random structure of the cross sections of the
microfibrils; the image appears to be of such a cross section.
The fabrication of these composite fibers from biphasic solutions evidently yields
a coil polymer infiltrated PBZT fibrillar network. During coagulation of the spinning
dope, the PBZT solidifies as a fibrillar network swollen with the coil polymer solution,
along with the larger domains of the coil polymer evident in Figures 3.15 and 3.16.
Figure 3.17 shows TEM bright and dark field images of longitudinal sections of
the heat treated PBZT/PEKK (HT-10). The elongated domains have a fine phase
structure similar in width to those in Figure 3.15. The PEKK domain alignment is along
a different direction from the arrow indicating the knife direction in Figure 3.17. There
are regions of dark contrast in the bright field image (Figure 3.17A) that may be debri
resulting from the spinning process.
TEM images of a cross section of a neat PBZT film in Figure 3.18 do not show
any of dark areas that are seemingly the minority component PEKK domains.
Discussion of the identification of the different domains will occur in a subsequent
section concerning the morphology of composites made from these fibers.
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Table 3.2 PBZT/PEKK Composite Fiber (PBZT Reflections Only)
Camera Length: 17.75 mm
Wavelength: 0.1544 nm
Unit Cell : (nm) (deg)
a: 0.597 alpha: 90
b: 0.362 beta: 90
1-245 gamma: 95.2
Error = IZ dmeas-dcalcl= 0.048
dmeas(hkl)
(nm)
1.25
0.63
0.60
0.42
0.37
0.32
0.20
0.22
h k 1 dcalc(hld)
0 0
(nm)
1 1.25
0 0 2 0.62
1 0 0 0.59
0 0 3 0.42
0 1 0 0.36
0 0 4 0.31
3 0 0 0.20
0 0 6 0.21
Table 3.3 PBZT/PEKK Composite Fiber (PEKK Reflections Only)
Camera Length: 17.75 mm
Wavelength: 0.1544 nm
Unit Cell: (nm) (deg)
a: 0.733 alpha : 90
b: 0.585 beta: 90
c: 0.988 gamma: 90
Error = X dmeas-dcalc= 0.027
dmeas(hkl) h k 1 dcalcChkl)
(nm) (nm)
0.18 1 3 1 0.19
0.23 1 2 2 0.24
0.22 0 2 3 0.22
0.27 1 2 0 0.27
0.28 0 1 3 0.29
0.29 0 2 0 0.29
0.33 0 0 3 0.33
0.35 2 0 1 0.34
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Table 3.4 PEKK d-spacings (Melt Drawn Fiber)
Camera Length: 17.75 mm
Wavelength: 0.1544 nm
Unit Cell:
a:
b:
c:
(nm)
0.733
0.585
0.988
alpha:
beta:
gamma:
Error = Z dmeas-dcalc = 0.017
d(hkl)
meas.
(nm)
0.59
0.50
0.46
0.42
0.34
0.30
0.25
(deg)
90
90
90
h k 1 d(hkl)
calc.
0 1
(nm)
0 0.59
0 1 1 0.50
1 1 0 0.46
1 1 1 0.41
2 0 1 0.34
2 1 1 0.30
0 0 4 0.25
Proposed Unit Cells of Poly(aryI ether ketones)
all orthorhombic)
Unit cell parameters (nm):
Polymer
PEK*
PEEK*
PEEK**
*Dawson and Blundell
**Lovinger and Davis
a b c
0.76 0.60 0.10
0.78 0.59 0.10
0.78 0.59 0.99
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TEMPERATURE (C)
Figure 3.13 Differenna^ scanning calorimetry scan of the as received PEKK polymer
sample. The matenal ciystallizes readily at the 20° C/min heating rate.The similar area under the crystallizing and melting peaks indicates
limited crystallinity in the as received PEKK sample
I
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Figure 3.14 Optical micrographs of sectioning block showing (A) cross
and (B) longitudinal sections of fibers composed of 60/40
PBZT/PEKK (AS-10). Optical micrographs of the
PBZT/PEKK fibers after heat treatment (HT-10) showing (C)
cross and (D) longitudinal sections. One observes structure
on the micron scale.
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Figure 3.16 A TEM bright field image of a cross section of an as-spun fiber
composed of 60/40 PBZT/PEKK at higher magnification in which the
fine phase structure suggests a cross section of the microfibrillar network
observed by Cohen.
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3.3.3 Consolidating the composite fibers
Figure 3.19 is a schematic demonstrating the formation of a composite structure
from the fibers spun from biphasic solution. For a pressure and heat treatment to
consolidate the fibers into a composite structure, there must be sufficient coil polymer on
the surface or the coil polymer in the interior must be forced to the exterior. There
appears to be considerable coil polymer dispersed within fibers on a micron and
submicron length scale, but there is no preference for migration of the coil polymer to
the surface. Typical autoclave conditions for hot pressing of the fibers into composite
are 4000 psi and 400^0.
Due to the ability to infiltrate water swollen miCTofibrillar networks with epoxies
and polymer solutions, one could with good confidence assume the three dimensional
interconnectivity of the coil polymer regions on a submicron range [Cohen, 1987,
Hwang, 1989]. However, for the larger domains, such an assumption about a continuous
morphology is more speculative. In fibers made with low draw ratios (see Figure 3-6)
where the domain structure is more evident, the coil polymer appears to disperse in
elongated domains, as one would expect from the structure of spinning dope (see Figure
3.5) and the elongational flow during spinning.
The fiber has a two phase structure on two approximate length scales; one at the
micron level and the other at the one-hundredths of a micron level. Assuming the
domain structures have an approximate cylindrical geometry (i. e. R=0.5 um and R=.005
um), the respective PBZT/coil polymer interfacial surface area per cubic centimeter of
material would be 4x10^ cm^ and 4x10^ cm^. The larger phase size is the result the
competition between forces due to the interfacial surface energy of the two polymer
solutions and the viscous forces during the mixing and elongational and shear
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defo^aSon during pressing. ^ s™^,er size i. „ Mcadon o, *e f„™ad„„ of ,he
microfibrillar network of PBZT.
FIBERS WITH AN
INTERNAL MATRIX
PRESSED AT AUTOCLAVE
CONDITIONS
Figure 3. 1 9 Schematic of composite formation in composites.
Once the oriented fiber morphology is set and the fiber is taken above the melt
temperature of the coil polymer, there is no practical method of applying force to the
system to create a pressure gradient to force the melted component to the surface. The
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fiber also appears to deform in cross section to relieve any applied external stress, so it is
apparent that the only coil polymer that is available for consolidation is at or near the
surface upon coagulation.
One method of generating the desired pressure gradient is to treat the fiber with
a solvent (such as H2SO4) in which the coil polymer is soluble but the PBZT is not. The
osmotic pressure due to the swelling ofPEKK or polyamide would cause it to either
extrude through some path to the surface, or burst the fiber open.
The following sections discuss the morphology of composites made by
consolidating the two phase fibers by a variety of methods
.
3.3.4 Tape from PBZT/PEKK fiber
Figure 3.20 shows a reflective optical photomicrograph of a microtomed cross
section of a tape specimen (TA-10) composed of as spun 60/40 PBZT/PEKK fibers.
The individual outlines within the cross section suggest the shapes of the fibers are not
strictly cylindrical, but conform to fill the volume into which the fibers are pressed. The
size of the individual fibers observed in the SEM micrograph in Figure 3.10 are the same
as the size of cross section shapes observed in the pressed tape (TA-10). In Figure
3.20, the sharp division between fibers seen may be due to physical separation during
microtomy or the presence of a higher PEKK concentration at the interface between
fibers.
Figure 3.14 shows that the as-spun and heat treated fibers also exhibit irregular,
non circular fiber cross sections indicating a collapse in structure upon coagulation. The
fiber does not have the rigidity to maintain a circular cross section upon the application
of external pressure while the coil polymer domains are in solution during coagulation or
in the melt during heat treatment.
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Figure 3.21 shows TEM bright and dark field images of thin sections taken from
the embedded TA-10 specimen shown in Figure 3.19. The TEM bright field image in
Figure 3.21A shows PEKK cross sectional structure within the fiber before pressing is
the same as that observed within the fibers of the TA-10 tape. The sections exhibit
wrinkles and tears incurred during the microtoming. The micrographs display a domain
structure with sizes on the order of 1 micron. Figure 3.21A shows the PEKK regions in
the micrographs appear darker than the PBZT material. This may be a result of phase
contrast which would result in a contrast reversals with differences in specimen thickness
and density.
There is an electron diffraction of the image area in Figure 3.21B and Figure
3.21C. Upon deformation during microtoming, the PBZT reorients in the direction of
the knife marks which is typical when sectioning PBZT [Cohen and Thomas, 1988].
Obtaining dark field TEM images by selecting different locations on the electron
diffraction pattem with an aperture helps identify the composition of the domains.
Figure 3.2IC is a TEM dark field using the PBZT [010] and [100] reflections as
demonstrated on the Selected Area Electron Diffraction (SAED) pattem in the inset. The
PEKK has reflections within this range and exhibits a great amount of diffuse scatter that
the aperture does not block when centered on the PBZT equatorial reflections; the PEKK
domains have the same average brightness as the PBZT domains. The dark field
background is visible at the surface tears. As with the fiber samples, the appearance of
the microtomed PBZT areas appears distinct from the PEKK domains.
Figure 3.21C is a dark field of the same area with the aperture placed just off the
main beam forming the image with diffuse scatter mosdy from the PEKK. The contrast
of the image reverses; PEKK areas appear brighter tiian the PBZT domains. The PEKK
regions are by far die most distinct and show a much finer detail.
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It is not evident whether the observed torn areas in the sections occur between
fibers or within the fibers themselves. The separated sections in Figure 3.20 and the
SEM images in Figure 3.10 indicate that the individual fibers easily break into fibrils that
are one micron in size.
The diffracting PBZT in Figure 3.21B again indicates the fine internal structure
of the individual fibers. This fine structure is a result of the coagulation step
where the
PBZT fibrillar network precipitates first with the remaining volume being filled with the
coil polymer solution which subsequently precipitates. The bright areas in Figure 3.21C
indicate that there is considerable diffracting PEKK at the surface of the fibers. The
manufacmring of the tape did not cause an observable difference in the shape of the
domains; the PEKK does not appear to flow out of the fiber. The lack of physical
integrity of the tape confirms this observation.
3.3.5 Morphology of PBZT/PEKK Tensile Bar
Figures 3.22A and 3.22B show optical micrographs obtained in the reflective
mode of a cross section and a longitudinal section of the fabricated tensile bar ftxjm
consolidation of PBZT/PEKK fibers. Thin sectioning the epoxy embedded composite
yields a smooth block face that facilitates observation by reflective
optical microscopy.
The oudines of the fiber boundaries are evident throughout the section
as observed in
TA-10 tape sample in Figure 3.20. In the longitudinal section the space
between fibers
approaches 5 to 10 microns due to the oblique cutting angle. The
optical micrographs
suggest some internal structure in the fiber, but one
must view the TEM images for more
detailed information.
Figure 23 shows a TEM bright field image and a TEM dark field images
of a
ultramicrotomed thin section from the specimen shown in Figure
3.22. Again, in some
areas the adhesion between fibers was not enough to keep
the fiber surfaces bonded
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during the microtoming process. The dark field image from PBZT reflections (Figure
23B) shows a very fine texture not apparent in the bright field image in Figure 23A.
The PEKK domains within the fibers and at the fiber surface appear lighter in the
dark field image using the diffuse scatter (Figure 23C). The PEKK domains show a
slightly different contrast and less mottled texuire than the PBZT does after sectioning.
The coil polymer is still in fine domains and has not been forced to tiie surface by the hot
pressing. The hot pressing process is not sufficient to generate a pressure gradient to
induce the melted polymer to the surface of the fiber.
.
Figure 24 shows TEM bright and dark field images of longitudinal sections of
MB- 10. There are rather large PBZT crystallites (about 0.1 microns in size) which
appear as dark spots in the bright field image in Figure 24A. A few of the large crystals
that are strongly scattering into the aperture appear as white specks in the dark field
image. There was not much evidence ofPEKK crystallinity in the electron difft^ction
pattern of the cross section shown in the inset of Figure 23, but the diffuse scatter of the
PEKK domains was enough to minimize the observed contrast between the different
domains in Figure 23A. The small magnitude of diffraction from the PBZT in the cross
section view occurs because of the limited orientation induced in the PBZT during
sectioning. The lack of orientation reduces the number of PBZT crystallites, ones not
resolvable in tiiis case, that scatter out of the objective aperture for the bright field image
or into the objective aperture for the dark field image.
The TEM images of longitudinal section in Figure 24A and Figure 24B have
much greater contrast between the PBZT and PEKK domains because of a greater
number PBZT crystallites oriented in the Bragg condition scattering into the objective
aperture in the dark field image. The images show the alignment of the PEKK domains
is in the fiber direction and their size is less than a micron in width.
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3.3.6 PBZT/Polyamide composites
Figure 25 shows the effect of acid treatment on a PBZT/PA fiber. Figure 25a is
a cross section of an untreated 10 micron cross section fiber. The fibers were run
through concentrated sulfuric acid (which could dissolve the polyamide but not the
PBZT) and recoagulated with water. Upon acid treatment the fibers form bundles that
have a significant amount polyamide between them as shown in Figure 25b. The fibers
also have irregular cross sections due to the acid treatment. The longitudinal section of
the acid treated fiber in Figure 25C shows the fibers have elongated internal structure.
Figure 24 is an optical cross section of a PBZT/PA composite consolidated from
acid treated tape. The fiber boundaries are less evident than in the composite cross
section shown in Figure 25B, but the fiber cross sections of 10 to 20 microns are still
evident.
The TEM bright and dark field images in Figure 27 also indicate that the fiber
interfaces are well adhered for it is difficult to locate the full circumference of a particular
fiber, though torn places in the section do indicate the presence of such fiber interfaces.
The visible PEKK domains are about ft-actions of micron in size, which makes them
difficult to discern in the optical micrograph.
3.4 Composite properties
Figure 28 compares the modulus and strength properties of conventional epoxy
or PEKK composites reinforced with carbon fiber and PBZT fibers and a composite
fabricated from in-5/rw blended PBZT/ PEKK fibers. (The data is from Du Pont). In
Figure 28A, the values of the tensile and flex moduli of the PBZT/PEKK composite are
comparable to the moduli values of the PBZT/epoxy. The advantage of the PBZT/PEKK
composite is the absence of a lay-up step to make the composite.
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The same conclusion can be made for the strength properties of the composites.
Unfortunately, the poor compressive and flex strength characteristic of rigid rod
polymers also show no difference for the in-situ fiber composites. The carbon fiber
(AS4 and T300) composites show much higher compressive strengths than the PBZT
fiber composites. One may surmise that the shear modulus of the PBZT fibers has not
increased with existence of a nanometer scale PBZT microfibrillar network interspersed
with coil polymer.
3.5 Summary
The data thus far suggest the overall structure of the tape made from the
PBZT/PEKK composite fibers can be characterized by the schematic in Figure 29. The
fibers in the tape conform their cross section to the surroundings without appearing to
extrude any significant amount ofPEKK fi-om their interiors.
The individual fibers are composed of fibrils that are on the order of one micron
in diameter with PEKK filling the spaces between the fibrils. The micron size structure
is a result of the mixing prior to extrusion and the elongation flow during fiber spinning.
There is evidence of submicron features that are a result of precipitation of the PBZT
prior to the flexible polymer during coagulation.
The irregular cross sectional shape of the as-spun individual fibers indicates the
fibers are pliable in cross section when the coil polymer is swollen with solvent during
fiber fabrication. The coil polymer distributes on two length scales within the fiber. The
coil polymer is in micron size elongated domains and dispersed on a nanometer sized
regions in the microfibrillar PBZT network formed during coagulation. The crystallites
of the coil polymer show isotropic molecular orientation in the as-spun fiber and after
heat treatment.
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There is sufficient coil polymer on the surface of the as-spun fibers to instill
some adhesion when they are heat pressed to make composites. However, the majority
of the coil polymer is still in the interior of the fiber. The fiber cross sections contort to
fit in the area of the composite cross section when they are heated above the coil polymer
melting point, which is advantageous during composite lay-up procedures but makes it
difficult to force the coil polymer to the surface of the fibers where it will facilitate
adhesion. The acid treatment of fibers decreases the visibility of the fiber boundaries in
the consolidated fiber composite.
Composites made with the in-situ fibers show similar properties to conventional
composites
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Figure 3.20 An optical micrograph (reflective) of a microtome sectioning block
showing a ctoss section of a tape fabricated by pressing 60/40
PBZT/PEKK fibers. The image shows the outlines of individual fibers
and their internal structure. The fiber cross sections deform to fill the
space of the cross section.
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Figure 3.22 An optical micrograph (reflective) of microtome sectioning block
showing a cross section (A) and a longitudinal section (B) of a composite
fabricated from the PBZT/PEKK fiber tape (MB- 10).
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Figure 3.23 A bright field image (A), and dark field images (B and C) using the
PBZT equatorial [100] and [010] reflections (B) and diffuse scatter (C)
due to PEKK of a PBZT/PEKK composite cross section of sample TA-
10.
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Figure 3.24 A bright field image (A), and dark field images using the PBZT equatorial
[100] and [010] reflections (B) of a near longitudinal section from
PBZT/PEKK fiber composite MB- 10.
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Fieure 3 25 An optical micrograph (reflective) of microtome
secUomng
block showing cross sections of (A) as-spun PBZT/polyanude
fiber and (B) acid treated fiber and (C) longitudinal section
of the acid treated fiber.
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Figure 3.26 An optical micrograph (reflective) of microtome sectioning block
showing a cross section of a composite bar fabricated from a
PBZT/polyamide acid treated fiber. The outlines of the individual fibers
are not as distinct.
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Figure 3.27 A bright field image (A), and dark field image (B) using the PBZT
equatorial [100] and [010] reflections of a cross section from a composite
fabricated from acid treated PBZT/polyamide fibers.
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Figure 3.28 (A) Specific tensile, (B) flex moduli, (C) tensile strength, (D) flexural
strength, and (E) compressive strength data [Perusich, 1990].
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Figure 3.29 A schematic composite fabricated from an immiscible PBZT/coil polymer
blend fiber.
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CHAPTER 4
LCP FIBER BLENDS BY MELT SPINNING
4.1 Introduction
Polymeric materials are being investigated as structural components due to
favorable specific strength and moduli and the range of other properties attained from a
variety of intrinsic chemical structures. The chemical structure and the molecular weight
ultimately determine the thermal, rheological, and solution properties and subsequendy
the practical processes of fabrication. Polymer blends are important due to the
possibility of integrating favorable properties of several materials or introducing novel
processes of fabrication.
Blends of Uquid crystalline polymers (LCPs) and flexible coil or isotropic
polymers can be fabricated by a variety of means; extruding melts or solutions
constitutes one avenue [Krause et al, 1986, Hwang, 1989]. There are processing
advantages with LCP/isotropic polymer melts because the addition of even small
amounts of LCP can significandy lower the viscosity of the blend [Beery et al., 1991a].
If the LCP in the blend has a melting and decomposition temperature
significantly higher than the melt temperature of the isotropic matrix, extruded blends
quenched during flow will have liquid crystal fibrils formed in-situ that allow melt
consolidation with heat and pressure [Bassett and Yee, 1990]. The final morphology will
depend upon the morphology of the initial spin dope or melt, the rheology and the
geometry of the processing flow, and, ultimately, the conditions of coagulation or
solidification.
Blends of LCPs with poly(butylene terephthalate) (PBT) are of particular interest
as self-reinforcing injection molding resins [Ajji et al., 1992, Beery et al, 1991(1,2),
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Zaldua et al, 1991]. The characterization of the morphology of immiscible polymers
processed using various flow fields has been of interest [Delimoy et al., 1988]. This
chapter discusses the domain morphology of a new thermotropic LCP blended with PBT
during the processes of fiber spinning and drawing. The use of fibers to evaluate new
LCPs is advantageous because of the number of samples that can be obtained from a
small amount material recovered from chemical synthesis. The properties of fibers prior
to drawing should give an indication of the properties of injection molded pieces.
The ease of orientation of the LCP during fabrication allows the attainment in
undrawn fibers of the same strengths and moduli in drawn fibers. This effect can be
advantageous if other properties such as thermal expansion and shrinkage are
considered.
The characterization of the morphology of immiscible polymers processed using
various flow fields has been of interest [Delimoy et al, 1988, Beery et al, 1991a, 1991b,
Zaldua et al., 1991]. This chapter discusses the domain morphology of a new
thermotropic LCP blended with PBT during the processes of fiber spinning and
drawing. The use of fibers to evaluate new LCPs is advantageous because of the number
of samples that can be obtained from a relatively smaU amount material. The properties
of fibers prior to drawing may give an indication of the properties of injection molded
pieces.
4.2 Experimental
4.2.1 Materials
The liquid crystal polymer (LCP) studied consists of a triad (TR) of carbonyl-
linked phenyl rings with a random distribution of four and sbc (4,6) aliphatic
flexible
spacers as shown in Figure 4. 1 . There is a one to one ratio of the four
to the six carbon
flexible spacers. Prof. Kantor's group at the University
of Massachusetts at Amherst
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supplied the TR4,6 polymer. The TR4,6 LCP was solution blended with poly(butylene
terephthalate) which had weight average molecular weight (Mw) of 33,000. Weighed
portions of polymers were dissolved in triflouroacetic acid at concentrations less than 5%
w/w. The polymer mixture precipitated when the solution was dripped into acetone to
form a powder or beads. After neutrali2dng by washing the precipitate twice with a 5%
sodium bicarbonate solution, it was washed with distilled water twice. The material was
then washed in acetone and dried at 75^0 for at least twelve hours in a vacuum oven.
4.2.2 Thermal analysis
Differential Scanning Calorimetry (DSC) was performed on a Dupont 2000
under nitrogen. Approximately 5 milligram samples were heated to above 300°C and
quenched to 20^C at 10°C/min. before obtaining the data at a heating rate of 10*^C/min.
4.2.3 Fiber spinning and properties
The TR4,6/PBT blends were melted and pressed into sheets at 230oC. A plug
was molded by pressing at 205°C. Fibers were spun at 245°C on a capillary rheometer
using a 40 L/D 0.001 inch diameter die with a take up device using a variable speed
motor to control the stretch ratio. The stretch ratio is the linear take-up rate of the fiber
divided by the linear throughput of material through the spinning die. The stretch ratio
values were varied from 1 to 1 10 in these experiments. Figure 4.2 shows a schematic of
the fiber spinning process and the subsequent hot drawing given to some of the fibers.
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Figure 4.
1 Structures of (A) poIy(butylene terephthalate) and (B) the random TR4 6
(1/1) liquid crystal polymer used for blending.
Table 4. 1 Thermal Properties of PBT and TR 4,6
TrnTO Tdecomp(oC) i] (dVg)
PBT 225 1.1
TR-4.6 220 377 0.56
Most of the orientation developed during the processing of the liquid crystal
polymers is due to the elongational flow arising at the die due to the stretch operation.
Elongational flow fields orient polymeric liquid crystalline melts to a greater extent
relative to shear flow fields [Kenig, 1987 and Kenig, 1989].
After spinning, the fibers were hot drawn by rewinding the fiber from one bobbin
to another using two variable speed motors set at different speeds. Hot draw ratio values
were typically between 3.5 and 5. The fiber passed over a hot plate set at a specified
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temperature in the draw zone as shown in the Figure 4.2B. Tensile specimens were fixed
on tabs of set lengths according to the procedure ofASTM D3379-75. The fiber
diameters were determined with a Zeiss microscope. The use of tabs to hold the fibers
minimizes damage to the specimens before testing [De Teresa, Porter, and Farris, 1984].
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4.2.4 Microscopy
A JEOL lOOCX operated in SEM mode and a JEOL 35FX operated at 20kV
provided SEM images of the low temperature fractured surfaces of the fibers. The fibers
were placed in liquid nitrogen and fractured by bending after scoring with a razor blade.
A gold coating on the specimens reduced charge build-up and the subsequent
discharging to the detector. Polaroid P/N film was used to record the SEM images.
Pelco Medcast Quik-Mix Kit epoxy of medium hardness was employed as the
embedding medium for the fiber specimens. Mounting the films in a silicon rubber or
polyethylene mold facilitates microtomy for cross and longitudinal sections. The epoxy
is firm enough to microtome after curing at 60° C for 16 to 20 hours. The embedded
film samples are trimmed to approximately 1 square millimeter in size and sectioned a
Sorvall MT2-B ultra-microtome. A diamond knife was used to microtome the LCP/PBT
fibers at ambient temperatures using water to float the sections after cutting. For TEM
examination, copper grids supported die thin sections retrieved from the water surface.
Thicker sections were viewed on a Zeiss polarizing microscope. TEM images of
the film thin sections were obtained using a JEOL lOOCX TEM or a JEOL 2000FX
TEM at 100 kV using Kodak SO- 163 electron unage fitai.
4.3 Results and Discussion
4.3. 1 Crystallization
Depending upon the experimental conditions, PBT crystallizes in two different
spherulitic forms; one being normal and the other being abnormal as defined by the type
of laser light Hy scattering patterns exhibited [Misra and Stein, 1980]. The two optical
textures are not due to different unit cell structures, but are the result of differing
orientations of the specific crystalline planes with respect to the spherulite radius
direction. The data indicates that die lamella ribbons in the abnormal spherulites are
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shorter, aUowing inclined packing of lamella with respect to the spherulite radius
direction [Roche, Stein, and Thomas, 1980].
Spherulites with mixed normal and abnormal optical textures have been observed
for both the solution cast and the cooled PBT samples [Roche, Stein, and Thomas, 1980,
Ludwig and Eyerer, 1988]. The abnormal spherulites form at rapid cooling rates from
the melt. The observed melting point of crystals in the normal spherulites (220oC) is
lower than in the abnormal ones (2250C) [Ludwig and Eyerer, 1988]. Annealing
experiments show the lower temperature peak is due to the melting of crystals that form
upon annealing [Runt and Yeh, 1989].
Increasing the content of TR4,6 polymer suppresses the PBT melting peak at
22PC and shifts the higher temperature peak at 2250C as Figure 4.4 demonstrates.
This indicates that the presence of the LCP disrupts the formation of more perfect
crystals in blends compared with pure PBT at the same conditions. From the similarity
of their chemical structure, one would expect a some melt miscibility of the polymers if
they were in the isotropic melt. However, any limited miscibility would not be mutual
because the orientational order of the LCP phase has been theoretically shown to exclude
the isotropic coils due to entropy considerations [Koningsveld, 1989].
Table 4.2 shows the effects ofLCP content upon the crystalline melting
temperature of the PBT, The calculated LCP mole fraction was obtained from an
expression given by Flory [Flory, 1956],
T^^^^-AlfelnNpBT (1)
where Tm is the observed melting temperature, Tm^ is the melting temperature of the
pure polymer, R is the gas constant, AHpbt is the heat of fusion, and Npbt the mole
fraction of the PBT. An estimate of the mole fraction of LCP, (1-Npbt). is based upon
number of monomer units and not the number average degree of polymerization. The
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values in the last column in Table 2.2 indicate that some melting point depression due to
LCP in the PBT crystal could be occurring. The PBT crystals appear to contain at least
2 percent LCP. This miscibility may be due to transesterfication. The data suggest that
kinetics of PBT crystallization and the formation of copolymer by transesterfication does
not allow the exclusion of the LCP from the PBT crystal.
The DSC scans in Figure 4.5 show that die stability of the melt blend for various
times at the processing temperature. Annealing above the melt temperature does not
affect the amount of crystallization of the PBT upon cooling. Any transesterfication that
may be occurring during annealing is not evident in the subsequent crystallization
behavior of the PBT phase. The relative effect of the TR-4 LCP upon die PBT melting
peak at 220oC is not changed with annealing at 25(PC which is the processing
temperature used during the fabrication of fibers.
Figure 4.3 shows a DSC scan of the TR4,6 random copolymer showing a crystal
to nematic transition at 22(PC. The relative amount of crystallinity in TR4,6 is much less
than observed in pure PBT as Figure 4.4A attests showing the DSC scans of TR4,6/PBT
blend specimens with varying LCP content.
Table 4.2 Effect of LCP Content and Annealing
% TR4,6
in Blend
Tm (OQ
after 0 min
Tm (OQ
after 5 min
Tm (OQ
after 15 min
Mole Fraction
LCP in PBT
phase*
0 225.4 225.3 224.7 0
5 223.1 223.0 223.4 0.02
10 221.8 222.7 223.1 0.02
20 221.8 221.3 222.4 0.03
^calculated from Equation 1
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4.3.2 Tensile properties
Figure 4.6 shows the effect of the spin stretch ratio during fiber fabrication upon
the tensile modulus and the breaking strength of fibers with various TR4,6 content No
fibers were spun from the pure TR4,6 polymer due to the limited quantity of material. At
very low stretch ratios, the addition of any LCP results in a significant decrease in the
breaking strength. The reduction in strength may be due defects generated during
processing or low orientation in the liquid crystalline domains making them act as
defects. At moderate stretch ratios the modulus and strength values of the blends are
comparable to the PBT matrix indicating a lack of reinforcement. Assuming similar
orientations and crystallinity, the moduli and strengths of the LCP and that of PBT are
probably comparable given their similarity in chemical structure. The advantage of the
LCP is the ease at which it orients in the elongational flow during the fiber spinning
process. The neat PBT needs an additional hot draw to attain the same modulus value as
as-spun 80/20 PBT/LCP. The question remains whether the increase observed in the as-
spun fiber is due to reinforcement or due to the induced orientation in the PBT by the
LCP.
Only the 20/80 TR4,6/PBT blend fiber (at a stretch ratio of 109) shows
improved tensile properties over the undrawn PBT fiber. This result suggests there
may
be a criterion of domain size for reinforcement to occur in undrawn
as-spun fibers. The
concentration at which strengthening occurs would be important for
applications in
which post drawing is not pertinent such as injection molding.
If die elongational flow during processing was sufficient
to fully orient the LCP.
one would expect post drawing to have a limited effect upon tensile
properties as Figure
4.7 Ulustrates. After the PBT matrix is oriented by hot drawing,
the relative effect of the
LCP upon modulus and strength values diminishes to insignificance
even in the 20/80
TR4,6/PBT blend. The strength of the oriented PBT dominates the
properties of the hot
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drawn fibers; this shows the modulus of the LCP may not offer much improvement to
this matrix.
However, the ease of orientation of the LCP during fabrication allows the
attainment in undrawn fibers of the same strengths and moduU in drawn fibers. This
effect can be advantageous if other properties such as thermal expansion and shrinkage
are considered.
4.3.3 Domain Orientation
When the TR4,6/PBT blend is above the melt temperatures of its components, the
LCP can be easily distinguished from the PBT matrix by viewing between crossed
polarizers in an optical microscope. However, one must properly orient the sample
relative to the polarizers to take advantage of the birefringence of the LCP; furthermore, it
is beneficial if the LCP is globally oriented.
Figure 4.8 shows optical micrographs of the TR4,6/PBT blends of various
compositions pressed between glass microscope slides and viewed between crossed
polarizers while on a hot stage at 25(PC. The solution blending procedure appears to
well disperse the TR4,6 into PBT matrix. The TR4,6 domain sizes in the 5% and 10%
TR4,6 blends are about a micron in size. In the 20% blend, tiie TR4,6 domains are
easily
sheared between the microscope slide and cover slip to fibrillar
structures as Figure 4.8D
shows.
To view die LCP domain structure in tiie as-spun and hot drawn fibers,
longitudinal tiiin sections of the fibers were placed on microscope
slides. The fibers
were fabricated with a spin stretch ratio of 95 and hot
drawn p.R.= 5) to orient the PBT.
The microtoming caused some deformation of tiie section
obscuring any details of
interest under crossed polarizers (see Figure 4.9).
longitudinal sections of tiie as-spun
and heat treated fibers were heated on a hot stage to
240oC; tiie optical micrographs of
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the heat treated sections (with crossed polarizers) are shown in Figures
4.9C and 4.9E,
respectively. The widths of the fiber sections did not change after heating showing
there
was no significant deformation of the sections due to the thermal
treatment. However,
the LCP domain structure does become more obvious; there are only slightly
extended
domains in the as-spun fiber and highly elongated LCP domains in the hot drawn
fiber.
When the hot drawn fiber is placed paraUel to the direction of polarization it goes
extinct, this indicates directionality of the liquid crystalline
domains. The domains in the
as-spun fiber do not go extinct when rotated between the cross
polarizers indicating a
lack of directionality in the birefringent LCP domains.
The LCP particles in the as-spun fibers can be observed in SEM images
of low
temperature fracture surfaces shown in Figure 4.10. The
micrographs show a good
dispersion of the LCP in a solid PBT matrix. The ease at which the
particles are
observed indicates interface between the respective
polymers is easily fractured.
However, one cannot conclude there is poor adhesion
between the phases because the
fracture may be occurring cohesively within the LCP or PBT.
The LCP particles are on the order of 0.1 to 1 micron in
diameter with the lengths
somewhat longer. Evidence for longer domains can also
be observed in the optical
micrograph in Figure 4.9. The elongated domains
might not be considered fibrillar, but
still appear to cause an increase in the
modulus for the melt stretched fiber at the 20%
LCP content as Figure 4.7A shows.
The LCP domains appear to defomi with the PBT
matrix during the hot draw at
1660C. Figure 4.1 1 shows a freeze fracture of
an 80/20 TR4,6/PBT fiber with a hot
draw ratio of 5 (and at 1660C). The size of the
fibrils is the same as the birefringent
domains observed in the polarized optical
micrograph in Figure 4.9E.
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4.3.4 Molecular Orientation
To compare molecular orientation in fibers, electron diffraction pattems
were
obtained from the thin sections. Figures 4.12 show bright and dark field
TEM images
along with a diffi-action pattern for a longitudinal thin section
of PBT fiber spun and hot
drawn at the same conditions as the blend fiber. The diagonal lines
are due to knife
marks during microtoming. There was no evidence of crystallites
or fibril structure in
the bright or dark field images.
In Figure 4.13C, the reflections in the diffraction pattern
are smeared in the knife
direction which may be the result of some deformation. There
is some debri evident in
the section. All the dark field images were made using
the equatorial reflections in the
electron diffraction pattems.
Figure 4.13 shows similar images for longitudinal
thin sections fi-om as-spun
80/20 TR4,6/ PBT fiber. There is a lack of orientation
in the diffraction pattern. The
reflections are very diffuse which may be an indication
of very small crystallites, but it
could also be a result of the thickness of the
section.
The an-ows point out regions in the dark field
(Figure 4.13B) tiiat are the same
size as tiie LCP particles noted in the SEM images in the
undrawn fiber in Figure 4-10.
Higher crystallinity in die PBT phase (as the DSC data
suggest) would resuh in the PBT
regions to appear light and the TR4,6 to appear
relatively darker. n.e TO4,6 domains
appear to have aspect ratios as high as 10,
tiiough most have much lower. The major
parameters determining if elongated domains
will form are ti.e capillary number (the ratio
of viscous to die surface forces) and
ti,e viscosity ratio (of die inclusion
material to the
matrix). Assuming ti.e surface tension between
PBT and TR4,6 to be very low, ti.e
viscosity ratio and the size of die droplet
would detemnne the extent ofLCP droplet
deformation. The tensile modulus data in
Figure 4.7A indicates dtat the elongated
structures in the as-spun fiber do appear
to be reinforcing.
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In Figure 4.13C, the diffuse pattern results from the thickness of the section, but
one gets an indication of the relative molecular orientation in the fiber. Due to the
similarity of the chemical structures it is assumed the equatorial reflections observed for
the blend specimens are due to both polymers.
After hot drawing, the orientation (in Figure 4.14) is comparable to that observed
in the PBT drawn fiber.
The sections on copper grids were given the same heat treatment as the sections
on glass slides; only the drawn 80/20 TR4,6/ PBT fiber section was intact after heating to
240°C and quenching, though there was some deformation. The same treatment on
unoriented PBT and the as-spun 20% TR4,6/PBT fibers resulted in complete melting of
the fiber section so that observation was not possible. One would expect the relaxation
of orientation of the PBT to be faster than the relaxation of the oriented TR4,6 polymer.
The electron diffraction pattern in Figure 4.13C still exhibits orientation as one
would expect from the birefringence observed in the optical micrographs from the same
sample. The TEM images show elongated structures similar in size (1 ^m in diameter)
to the fibrils seen in the TEM.
4.4 Conclusion
During fiber spinning, the shear and elongational flow was sufficient for
molecular orientation of the LCP but not for significant for fine fibril formation. The
observation of the elongation of the LCP domains indicates the TR4,6 polymer can be
hot drawn along with the PBT matrix in the fiber. The elongation of the LCP does not
significantly increase the properties of the fiber over oriented PBT.
If the data indicates the processing conditions are sufficient to fully
orient the
TR4,6 LCP, the tensile properties of the TR4,6 polymer appear not to be significantly
different from oriented PBT.
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The crystallization of the PBT is affected by the presence of the TR4,6 polymer
by lowering the PBT melt temperature. The data indicates a disruption of the crystal
structure due to a slight miscibility of the TR4,6 polymer in the PBT or formation of
PBT / TR4,6 block copolymer by transesterfication. The kinectics of PBT crystallization
may trap tiie LCP into tiie PBT crystallites.
The ease of orientation of die LCP during spinning suggests that the LCP would
offer improvement for injection molded parts where post drawing treatments are not
applicable.
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Figure 4.3 DSC scan of the TR4,6 random copolymer.
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Figure 4.8 Optical micrographs of TR4,6/PBT blends
with crossed polarizers
parallel to the image edges.
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Figure 4.9 Thin section of the as-spun and post drawn 20/80 TR 4,6/PBT fiber. (A)
as-spun, no polarizers, (B) post hot drawn, no polarizers, (C) as-spun,
cross polarizers, (D) post hot drawn, cross polarizers, (E) as-spun, cross
polarizers, 24(PC (F) post hot drawn, cross polarizers, 240oC. The
polarizers are parallel to the image edges.
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Figure 4 10 An SEM of a 20/80 TR 4,6/PBT as-spun
fiber fows a ttansverse
h . lu
^^g^^.^ ^^^^^ displaying the particulate nature of the LCP
inclusions.
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Figure 4. 1 1 An SEM of a 20/80 TR 4,6/PBT hot drawnfiber showing an (A)
transverse and (B) longitudinal cryogenic fracture displaying a
fibrillar
nature.
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